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Foreword 


In  1957,  the  Thermophysical  Properties  Research 
Center  (TPRC)  of  Purdue  University,  under  the 
leadership  of  its  founder,  Professor  Y.  S.  Touloukian, 
began  to  develop  a  coordinated  experimental, 
theoretical,  and  literature  review  program  covering 
a  set  of  properties  of  great  importance  to  science  and 
technology.  Over  the  years,  this  program  has  grown 
steadily,  producing  bibliographies,  data  compila¬ 
tions  and  recommendations,  experimental  measure¬ 
ments,  and  other  output.  The  series  of  volumes  for 
which  these  remarks  constitute  a  foreword  is  one  of 
these  many  important  products.  These  volumes  are  a 
monumental  accomplishment  in  themselves,  re¬ 
quiring  for  their  production  the  combined  knowledge 
and  skills  of  dozens  of  dedicated  specialists.  The 
Thermophysical  Properties  Research  Center  de¬ 
serves  the  gratitude  of  every  scientist  and  engineer 
who  uses  these  compiled  data. 

The  individual  nontechnical  citizen  of  the 
f  .ed  States  has  a  stake  in  this  work  also,  for  much 
of  the  science  an^  technology  that  contributes  to  his 
well-being  relies  on  the  use  of  these  data.  Indeed, 
recognition  of  this  importance  is  indicated  by  a 
mere  reading  of  the  list  of  the  financial  sponsors  of 
the  Thermophysical  Properties  Research  Center; 
leaders  of  the  technical  industry  of  the  United  States 
and  agencies  of  the  Federal  Government  are  well 
represented. 

Experimental  measurements  made  in  a  labora¬ 
tory  have  many  potential  applications.  They  might 
be  used,  for  example,  to  check  a  theory,  or  to  help 
design  a  chemical  manufacturing  plant,  or  to  com¬ 
pute  the  characteristics  of  a  heat  exchanger  in  a 
nuclear  power  plant.  The  progress  of  science  and 
technology  demands  that  results  be  published  in  the 
open  literature  so  that  others  may  use  them.  For¬ 
tunately  for  progress,  the  useful  data  in  any  single 
field  are  not  scattered  throughout  the  tens  of  thou¬ 
sands  of  technical  journals  published  throughout 
the  world.  In  most  fields,  fifty  percent  of  the  useful 
work  appears  in  no  more  than  thirty  or  forty  journals. 
However,  in  the  case  of  TPRC,  its  field  is  so  broad 


that  about  100  journals  are  required  to  yield  fifty 
percent.  But  that  other  fifty  percent!  It  is  scattered 
through  more  than  3500  journals  and  other  docu¬ 
ments,  often  items  not  readily  identifiable  or  ob¬ 
tainable.  Nearly  65,000  references  are  now  in  the 
files. 

Thus,  the  man  who  wants  to  use  existing  data, 
rather  than  make  new  measurements  himself,  faces 
a  long  and  costly  task  if  he  wants  to  assure  himself 
that  he  has  found  all  the  relevant  results.  More  often 
than  not,  a  search  for  data  stops  after  one  or  two 
results  are  found — or  after  the  searcher  decides  he 
has  spent  enough  time  looking.  Now  with  the 
appearance  of  these  volumes,  the  scientist  or  engineer 
who  needs  these  kinds  of  data  can  consider  himself 
very  fortunate.  He  has  a  single  source  to  turn  to; 
thousands  of  hours  of  search  time  will  be  saved, 
innumerable  repetitions  of  measurements  will  be 
avoided,  and  several  billions  of  dollars  of  investment 
in  research  work  will  have  been  preserved. 

However,  the  task  is  not  ended  with  the  genera¬ 
tion  of  these  volumes.  A  critical  evaluation  of  much 
of  the  data  is  still  needed.  Why  are  discrepant  results 
obtained  by  different  experimentalists?  What  un¬ 
detected  sources  of  systematic  error  may  affect  some 
or  even  all  measurements?  What  value  can  be  derived 
as  a  “recommended”  figure  from  the  various  con¬ 
flicting  values  that  may  be  reported  ?  These  questions 
are  difficult  to  answer,  requiring  the  most  sophisti¬ 
cated  judgment  of  a  specialist  in  the  field.  While  a 
number  of  the  volumes  in  this  Series  do  contain 
critically  evaluated  and  recommended  data,  these 
are  still  in  the  minority.  The  data  are  now  being 
more  intensively  evaluated  by  the  staff  of  TPRC  as  an 
integral  part  of  the  effort  of  the  National  Standard 
Reference  Data  System  (-NSRDS).  The  task  of  the 
National  Standard  Reference  Data  System  is  to 
organize  and  operate  a  comprehensive  program  to 
prepare  compilations  of  critically  evaluated  data  on 
the  properties  of  substances.  The  NSRDS  is  ad¬ 
ministered  by  the  National  Bureau  of  Standards 
under  a  directive  from  the  Federal  Council  for  Science 
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and  Technology,  augmented  by  special  legislation 
of  the  Congress  of  the  United  States.  TPRC  is  one 
of  the  national  resources  participating  in  the  National 
Standard  Reference  Data  System  in  a  united  effort 
to  satisfy  the  needs  of  the  technical  community  for 
readily  accessible,  critically  evaluated  data. 

As  a  representative  of  the  NBS  Office  of  Stan¬ 
dard  Reference  Data,  I  wanttocongratulate  Professor 
Touloukian  and  his  colleagues  on  the  accomplish¬ 
ments  represented  by  this  Series  of  reference  data 


books.  Scientists  and  engineers  the  world  over  are 
indebted  to  them.  The  task  ahead  is  still  an  awesome 
one  and  1  urge  the  nation’s  private  industries  and  all 
concerned  Federal  agencies  to  participate  in  fulfilling 
this  national  need  of  assuring  the  availability  of 
standard  numerical  reference  data  for  science  and 
technology. 

Edward  L.  Brady 
Associate  Director  for  Information  Programs 
National  Bureau  of  Standards 


Preface 


Thermophysical  Properties  of  Matter ,  the  TPRC 
Data  Series,  is  the  culmination  of  fifteen  years  of 
pioneering  effort  in  the  generation  of  tables  of 
numerical  data  for  science  and  technology.  It 
constitutes  the  restructuring,  accompanied  by  ex¬ 
tensive  revision  and  expansion  of  coverage,  of  the 
original  TPRC  Data  Book ,  first  released  in  1960  in 
loose-leaf  format,  11"  x  17"  in  size,  and  issued  in 
June  and  December  annually  in  the  form  of  supple¬ 
ments.  The  original  loose-leaf  Data  Book  was  or¬ 
ganized  in  three  volumes :  ( 1 )  metallic  elements  and 
alloys;  (2)  nonmetallic  elements,  compounds,  and 
mixtures  which  are  solid  at  N.T.P.,  and  (3)  non¬ 
metallic  elements,  compounds,  and  mixtures  which 
are  liquid  or  gaseous  at  N.T.P.  Within  each  volume, 
each  property  constituted  a  chapter. 

Because  of  the  vast  proportions  the  Data  Book 
began  to  assume  over  the  years  of  its  growth  and  the 
greatly  increased  effort  necessary  in  its  maintenance 
by  the  user,  it  was  decided  in  1967  to  change  from  the 
loose-leaf  format  to  a  conventional  publication. 
Thus,  the  December  1966  supplement  of  the  original 
Data  Book  was  the  last  supplement  disseminated  by 
TPRC. 

While  the  manifold  physical,  logistic,  and 
economic  advantages  of  the  bound  volume  over  the 
loose-leaf  oversize  format  are  obvious  and  welcome 
to  all  who  have  used  the  unwieldy  original  volumes, 
the  assumption  that  this  work  will  no  longer  be 
kept  on  a  current  basis  because  of  its  bound  format 
would  not  be  correct.  Fully  recognizing  the  need  of 
many  important  research  and  development  programs 
which  require  the  latest  available  information, 
TPRC  has  instituted  a  Data  Update  Plan  enabling 
the  subscriber  to  inquire,  by  telephone  if  necessary, 
for  specific  information  and  receive,  in  many  in¬ 
stances,  same-day  response  on  any  new  data  pro¬ 
cessed  or  revision  of  published  data  since  the  latest 
edition.  In  this  context,  the  TPRC  Data  Series  departs 
drastically  from  the  conventional  handbook  and 
giant  multivolume  classical  works,  which  are  no 


longer  adequate  media  for  the  dissemination  of 
numerical  data  of  science  and  technology  without  a 
continuing  activity  on  contemporary  coverage.  The 
loose-leaf  arrangements  of  many  works  fully  recog¬ 
nize  this  fact  and  attempt  to  develop  a  combination 
of  bound  volumes  and  loose-leaf  supplement  arrange¬ 
ments  as  the  work  becomes  increasingly  large. 
TPRC’s  Data  Update  Plan  is  indeed  unique  in  this 
sense  since  it  maintains  the  contents  of  the  TPRC 
Data  Series  current  and  live  on  a  day-to-day  basis 
between  editions.  In  this  spirit.  I  strongly  urge  all 
purchasers  of  these  volumes  to  complete  in  detail 
and  return  the  Volume  Registration  Certificate 
which  accompanies  each  volume  in  order  to  assure 
themselves  of  the  continuous  receipt  of  annual 
listing  of  corrigenda  during  the  life  of  the  edition. 

The  TPRC  Data  Series  consists  initially  of  13 
independent  volumes.  The  initial  seven  volumes  were 
published  in  1970.  Volumes  8,  9.  and  10  are  planned 
for  1972.  Volume  11  for  1973,  and  Volumes  12  and 
13  for  1974.  It  is  also  contemplated  that  subsequent 
to  the  first  edition,  each  volume  will  be  revised,  up¬ 
dated.  and  reissued  in  a  new  edition  approximately 
every  fifth  year.  The  organization  of  the  TPRC  Data 
Sent  makes  each  volume  a  self-contained  entity 
available  individually  without  the  need  to  purchase 
the  entire  Series. 

The  coverage  of  the  specific  thermophysical 
properties  represented  by  this  Series  constitutes  the 
most  comprehensive  and  authoritative  collection  of 
numerical  data  of  its  kind  for  science  and  technology. 

Whenever  possible,  a  uniform  format  has  been 
used  in  all  volumes,  except  when  variations  in 
presentation  were  necessitated  by  the  nature  of  the 
property  or  tne  physical  state  concerned.  In  spite  of 
the  wealth  of  data  reported  in  these  volumes,  it 
should  be  recognized  that  all  volumes  are  not  of  the 
same  degree  of  completeness.  However,  as  additional 
data  are  processed  at  TPRC  on  a  continuing  basis, 
subsequent  editions  will  become  increasingly  more 
complete  and  up  to  date.  Each  volume  in  the  Series 
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basically  comprises  three  sections,  consisting  of  a  text, 
the  body  of  numerical  data  with  source  references, 
and  a  material  index. 

The  aim  of  the  textual  material  is  to  provide  a 
complementary  or  supporting  role  to  the  body  of 
numerical  data  rather  than  to  present  a  treatise  on 
the  subject  of  the  property.  The  user  will  find  a  basic 
theoretical  treatment,  a  comprehensive  presentation 
of  selected  works  which  constitute  reviews,  or  com¬ 
pendia  of  empirical  relations  useful  in  estimation  of 
the  property  when  there  exists  a  paucity  of  data  or 
when  data  are  completely  lacking.  Established 
major  experimental  techniques  are  also  briefly 
reviewed. 

The  body  of  data  is  the  core  of  each  volume 
and  is  presented  in  both  graphical  and  tabular  formats 
for  convenience  of  the  user.  Every  single  point  of 
numerical  data  is  fully  referenced  as  to  its  original 
source  and  no  secondary  sources  of  information  are 
used  in  data  extraction.  In  general,  it  has  not  been 
possible  to  critically  scrutinize  all  the  original  data 
presented  in  these  volumes,  except  to  eliminate 
perpetuation  of  gross  errors.  However,  in  a  signifi¬ 
cant  number  of  cases,  such  as  for  the  properties  of 
liquids  and  gases  and  the  thermal  conductivity  of 
all  the  elements,  the  task  of  full  evaluation,  synthesis, 
and  correlation  has  been  completed.  It  is  hoped  that 
in  subsequent  editions  of  this  continuing  work, 
not  only  new  information  will  be  reported  but  the 
critical  evaluation  will  be  extended  to  increasingly 
broader  classes  of  materials  and  properties. 

The  third  and  final  major  section  of  each  volume 
is  the  material  index.  This  is  the  key  to  the  volume, 
enabling  the  user  to  exercise  full  freedom  of  access  to 
its  contents  by  any  choice  of  substance  name  or 
detailed  alloy  and  mixture  composition,  trade  name, 
synonym,  etc.  Of  particular  interest  here  is  the  fact 
that  in  the  case  of  those  properties  which  are  re¬ 
ported  in  separate  companion  volumes,  the  material 
index  in  each  of  the  volumes  also  reports  the  con¬ 
tents  of  the  other  companion  volumes.*  The  sets  of 
companion  volumes  are  as  follows: 

s 

Thermal  conductivity :  Volumes  1,  2,  3 
Specific  heat :  Volumes  4,  5, 6 

Radiative  properties :  Volumes  7, 8, 9 
Thermal  expansion :  Volumes  12,  13 

The  ultimate  aims  and  functions  of  TPRC’s 
Data  Tables  Division  are  to  extract,  evaluate,  rec- 
•For  the  first  edition  of  the  Series,  this  arrangement  was  not 
feasible  for  Volumes  7  and  8  due  to  the  sequence  and  the  schedule 
of  their  publication.  This  situation  will  be  resolved  in  subsequent 
editions. 


oncile,  correlate,  and  synthesize  ail  available  data 
for  the  thermophysical  properties  of  materials  with 
the  result  of  obtaining  internally  consistent  sets  of 
property  values,  termed  the  "recommended  reference 
values."  In  such  work,  gaps  in  the  data  often  occur, 
for  ranges  of  temperature,  composition,  etc.  When¬ 
ever  feasible,  various  techniques  are  used  to  fill  in 
such  missing  information,  ranging  from  empirical 
procedures  to  detailed  theoretical  calculations.  Such 
studies  are  resulting  in  valuable  new  estimation 
methods  being  developed  which  have  made  it  possible 
to  estimate  values  for  substances  and/or  physical  con¬ 
ditions  presently  unmeasured  or  not  amenable  to 
laboratory  investigation.  Depending  on  the  available 
information  for  a  particular  property  and  substance, 
the  end  product  may  vary  from  simple  tabulations  of 
isolated  values  to  detailed  tabulations  with  generating 
equations,  plots  showing  the  concordance  of  the 
different  values,  and,  in  some  cases,  over  a  range  of 
parameters  presently  unexplored  in  the  laboratory. 

The  TPRC  Data  Series  constitutes  a  permanent 
and  valuable  contribution  to  science  and  technology. 
These  constantly  growing  volumes  are  invaluable 
sources  of  data  to  engineers  and  scientists,  sources  m 
which  a  wealth  of  information  heretofore  unknown 
or  not  readily  available  has  been  made  accessible. 
We  look  forward  to  continued  improvement  of  both 
format  and  contents  so  that  TPRC  may  serve  the 
scientific  and  technological  community  with  ever- 
increasing  excellence  in  the  years  to  come.  In  this 
connection,  the  staff  of  TPRC  is  most  anxious  to 
receive  comments,  suggestions,  and  criticisms  from 
all  users  of  these  volumes.  An  increasing  number  of 
colleagues  are  making  available  at  the  earliest  pos¬ 
sible  moment  reprints  of  their  papers  and  reports  as 
well  as  pertinent  information  on  the  more  obscure 
publications.  I  wish  to  renew  my  earnest  request  that 
this  procedure  become  a  universal  practice  since  it 
will  prove  to  be  most  helpful  in  making  TPRC's 
continuing  effort  more  complete  and  up  to  date. 

It  is  indeed  a  pleasure  to  acknowledge  with  grat¬ 
itude  the  multisource  financial  assistance  received 
from  over  fifty  of  TPRC’s  sponsors  which  has  made 
the  continued  generation  of  these  tables  possible.  In 
particular,  I  wish  to  single  out  the  sustained  major 
support  being  received  from  the  Air  Force  Materials 
Laboratory-Air  Force  Systems  Command,  the  Office 
of  Standard  Reference  Data-National  Bureau  of 
Standards,  and  the  Office  of  Advanced  Research  and 
Technology-National  Aeronautics  and  Space  Ad¬ 
ministration.  TPRC  is  indeed  proud  to  have  been 
designated  as  a  National  Information  Analysis  Center 


i 


Preface  xi 


for  the  Department  of  Defense  as  well  as  a  component 
of  the  National  Standard  Reference  Data  System 
under  the  cognizance  of  the  National  Bureau  of 
Standards. 

While  the  preparation  and  continued  mainten¬ 
ance  of  this  work  is  the  responsibility  of  TPRC’s 
Data  Tables  Division,  it  would  not  have  been  possible 
without  the  direct  input  of  TPRC’s  Scientific  Docu¬ 
mentation  Division  and.  to  a  lesser  degree,  the 
Theoretical  and  Experimental  Research  Divisions. 
The  authors  of  the  various  volumes  are  the  senior 
staff  members  in  responsible  charge  of  the  work. 
It  should  be  clearly  understood,  however,  that 
many  have  contributed  over  the  years  and  their 
contributions  are  specifically  acknowledged  in  each 


volume.  I  wish  to  take  this  opportunity  to  personally 
thank  those  members  of  the  staff,  research  assistants, 
graduate  research  assistants,  and  supporting  graphics 
and  technical  typing  personnel  without  whose  dili¬ 
gent  and  painstaking  efforts  this  work  could  not  have 
materialized. 

Y.  S.  Touloukian 
Director 

Thermophysical  Properties  Research  Center 
Distinguished  Atkins  Professor  of  Engineering 

Purdue  University 
Lafayette,  Indiana 
June  1972 
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This  volume  of  Thermophysical  Properties  of  Matter, 
the  TPRC  Data  Series,  follows  the  general  format  of 
the  volumes  on  thermal  conductivity  of  solids  and  is 
one  of  the  most  comprehensive  in  covering  the  avail¬ 
able  data  from  the  literature. 

The  volume  comprises  three  major  sections:  the 
front  text  on  theory,  estimation,  and  measurement  to¬ 
gether  with  its  bibliography,  the  main  body  of  numer¬ 
ical  data  and  its  references,  and  the  material  index. 

The  text  material  is  intended  to  assume  a  role 
complementary  to  the  main  body  of  numerical  data, 
the  presentation  of  which  is  the  primary  purpose  of 
this  volume.  It  is  felt  that  a  moderately  detailed  dis¬ 
cussion  of  the  theoretical  nature  of  the  property 
under  consideration  together  with  an  overview  of 
predictive  procedures  and  recognized  experimental 
methods  and  techniques  will  be  appropriate  in  a 
major  reference  work  of  this  kind.  The  extensive 
reference  citations  given  in  the  text  should  lead  the 
interested  reader  to  sufficient  literature  for  a  more 
comprehensive  study.  It  is  hoped,  however,  that 
enough  detail  is  presented  for  this  volume  to  be 
self-contained  for  the  practical  user. 

The  main  body  of  the  volume  consists  of  the 
presentation  of  numerical  data  compiled  over  the 
years  in  a  most  comprehensive  and  meticulous  man¬ 
ner.  The  scope  of  coverage  includes  the  metallic  and 
nonmetallic  elements,  ferrous  and  nonferrous  alloys, 
intermetaliic,  inorganic,  and  organic  compounds, 
glasses,  minerals,  composites,  mixtures,  polymers, 
and  foods  and  biological  materials.  The  extraction  of 
all  data  directly  from  their  original  sources  ensures 
freedom  from  errors  of  transcription.  Furthermore, 
some  gross  errors  appearing  in  the  original  source 
documents  have  been  corrected.  The  organization  and 
presentation  of  the  data  together  with  other  pertinent 
information  for  the  use  of  the  tables  and  figures  are 
discussed  in  detail  in  the  introductory  material  to  the 
section  entitled  Numerical  Data. 

The  part  of  the  data  tables  covering  the  elements 
deserves  special  mention.  We  wish  to  point  out  that 


the  original  literature  data  have  been  critically 
evaluated  and  analyzed,  and  “recommended  refer¬ 
ence  values”  or  “provisional  values”  are  presented. 
Experimental  thermal  diffiisivity  data  are  available 
in  the  world  literature  for  only  39  elements,  but  recom¬ 
mended  or  provisional  values  are  given  in  this  volume 
for  75  elements.  Most  of  the  values  were  first  derived 
from  the  recommended  values  of  thermal  conductivity 
and  selected  values  of  specific  heat  and  density,  and 
then  compared  with  the  evaluated  experimental 
thermal  diffusivity  data  whenever  available. 

Such  recommended  values  are  those  that  were 
considered  to  be  the  most  probable  when  assessments 
were  made  of  the  information  available  in  early  1972. 
Their  inclusion  adds  a  unique  feature  that  is  designed 
to  provide  the  user  with  acceptable  values.  It  should 
be  realized,  however,  that  these  recommended  values 
are  not  necessarily  the  final  true  values  and  that 
changes  directed  toward  this  end  will  often  become 
necessary  as  more  data  become  available.  Future 
editions  will  contain  these  changes  and  will  provide 
similar  recommendations  made  for  an  increasing 
number  of  materials. 

As  stated  earlier,  all  data  have  been  obtained  from 
their  original  sources  and  each  data  set  is  so  referenced. 
TPRC  has  in  its  files  all  documents  cited  in  this  vol¬ 
ume.  Those  that  cannot  readily  be  obtained  elsewhere 
are  available  from  TPRC  in  microfiche  form. 

This  volume  has  grown  out  of  activities  made 
possible  through  the  principal  support  of  the  Air 
Force  Materials  Laboratory-Air  Force  Systems  Com¬ 
mand,  under  the  monitorship  of  Mr.  John  H. 
Charlesworth.  Over  the  years,  several  assistant 
researchers  have  contributed  to  the  preparation  of 
this  volume  for  varying  periods  under  the  authors' 
supervision.  In  chronological  order  of  their  associa¬ 
tion  with  TPRC,  we  wish  to  acknowledge  the  contri¬ 
butions  of  Messrs.  C.  Y.  Wang,  K.  Y.  Wu,  and 
T.  Y.  R.  Lee. 

Inherent  in  the  character  of  this  work  is  the  fact 
that  in  the  preparation  of  this  volume,  we  have  drawn 
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most  heavily  upon  the  scientific  literature  and  feel  a 
debt  of  gratitude  to  the  authors  of  the  referenced 
articles.  While  their  often  discordant  results  have 
caused  us  much  difficulty  in  reconciling  their  findings, 
we  consider  this  to  be  our  challenge  and  our  contribu¬ 
tion  to  negative  entropy  of  information,  as  an  effort 
is  made  to  create  from  the  randomly  distributed  data 
a  condensed,  more  orderly  state. 

While  this  volume  is  primarily  intended  as  a 
reference  work  for  the  designer,  researcher,  experi¬ 
mentalist,  and  theoretician,  the  teacher  at  the  graduate 
level  may  also  use  it  as  a  teaching  tool  to  point  out  to 
his  students  the  topography  of  the  state  of  knowledge 
on  the  thermal  diffusivity  of  materials.  We  believe 
there  is  also  much  food  for  reflection  by  the  specialist 
and  the  academician  concerning  the  meaning  of 
“original”  investigation  and  its  “information  con¬ 
tent.” 


The  authors  and  their  contributing  associates 
are  keenly  aware  of  the  possibility  of  many  weaknesses 
in  a  work  of  this  scope.  We  hope  that  we  will  not  be 
judged  too  harshly  and  that  we  will  receive  the  benefit 
of  suggestions  regarding  references  omitted,  addi¬ 
tional  material  groups  needing  more  detailed  treat¬ 
ment,  improvements  in  presentation  or  in  recom¬ 
mended  values,  and,  most  important,  any  inadvertent 
errors.  If  the  Volume  Registration  Certificate  accom¬ 
panying  this  volume  is  returned,  the  reader  will 
assure  himself  of  receiving  annually  a  list  of  corri¬ 
genda  as  possible  errors  come  to  our  attention. 

Lafayette,  Indiana  Y.  S.  Touloukian 

June  1972  R.  W.  Powell 

C.  Y.  Ho 
M.  C.  Nicolaou 
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GROUPING  OF  MATERIALS  AND 
LIST  OF  FIGURES  AND  TABLES 


1.  ELEMENTS 


igure  and/or 
Table  No. 

Name 

Symbol 

1* 

Aluminum 

A1 

2* 

Antimony 

Sb 

3* 

Arsenic 

As 

4" 

Barium 

Ba 

5s 

Beryllium 

Be 

6* 

Bismuth 

Bi 

7* 

Boron 

B 

8* 

Cadmium 

Cd 

9* 

Calcium 

Ca 

10 

Carbon  (Amorphous) 

11* 

Diamond 

12* 

ATJ  Graphite 

- - 13 

Miscellaneous  Graphites 

14* 

Cerium 

Ce 

15* 

Cesium 

Cs 

16* 

Chromium 

Cr 

17* 

Cobalt 

Co 

18* 

Copper 

Cu 

19* 

Dysprosium 

Dy 

20* 

Erbium 

Er 

21* 

Europium 

Eu 

22* 

Gadolinium 

Gd 

23* 

Gallium 

Ga 

24* 

Germanium 

Ge 

25* 

Gold 

Au 

26* 

Hafnium 

Hf 

27* 

Holmium 

Ho 

28* 

Indium 

In 

29* 

Iodine 

I 

30* 

Iridium 

Ir 

31* 

Iron 

Fe 

32* 

Lanthanum 

La 

33* 

Lead 

Pb 

34* 

Lithium 

Li 

35* 

Lutetium 

Lu 

36* 

Magnesium 

Mg 

37* 

Manganese 

Mn 

38* 

Mercury 

Hg 

Page 

2 

7 

9 

10 

11 

12 

16 

17 

20 

21 

24 

25 
28 

43 

44 

45 
48 
51 
62 

65 

66 

67 

68 
69 
73 

77 

78 

79 

80 
81 
82 

101 

102 

107 

108 
109 
111 
112 


*  Number  marked  with  an  asterisk  indicates  that  recommended  or  provisional  values  are  also  reported  for  this  material 
on  a  separate  figure  and  table  of  the  same  number  followed  by  the  letter  R. 
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1.  ELEMENTS  (continued) 


Figure  and/or 
Table  No. 

Name 

Symbol 

39* 

Molybdenum 

Mo 

40* 

Neodymium 

Nd 

41* 

Nickel 

Ni 

42* 

Niobium 

Nb 

43 

Nitrogen 

N 

44* 

Osmium 

Os 

45* 

Palladium 

Pd 

46* 

Phosphorous  (White) 

P 

47* 

Platinum 

Pt 

48* 

Plutonium 

Pu 

49* 

Potassium 

K 

50* 

Praseodymium 

Pr 

51* 

Radium 

Ra 

52* 

Rhenium 

Re 

53* 

Rhodium 

Rh 

54* 

Rubidium 

Rb 

55* 

Ruthenium 

Ru 

56* 

Samarium 

Sm 

57* 

Scandium 

Sc 

58* 

Selenium 

Se 

59* 

Silicon 

Si 

60* 

Silver 

Ag 

61* 

Sodium 

Na 

62* 

Strontium 

Sr 

63* 

Sulfur 

S 

64* 

Tantalum 

Ta 

65* 

Technetium 

Tc 

66* 

Tellurium 

Te 

67* 

Terbium 

Tb 

68* 

Thallium 

T1 

69* 

Thorium 

Th 

70* 

Thulium 

Tm 

71* 

Tin 

Sn 

72* 

T  Itanium 

Ti 

73* 

Tungsten 

W 

74* 

Uranium 

u 

75* 

Vanadium 

V 

76* 

Ytterbium 

Yb 

77* 

Yttrium 

Y 

78* 

Zinc 

Zn 

79* 

Zirconium 

Zr 

Page 

113 

119 

120 
125 
128 

130 

131 

134 

135 
142 
144 

147 

148 

149 

152 

153 

154 

155 

156 

157 
160 
164 
167 

170 

171 
173 
178 
181 
182 

183 

184 

187 

188 
194 
198 
205 
209 
212 
213 
216 
220 


Number  marked  with  an  asterisk  indicate®  that  recommended  or  provisional  values  are  also  reported  for  this  material 
on  a  separate  figure  and  table  of  the  same  number  followed  by  the  letter  R. 
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2.  NONFERROUS  BINARY  ALLOYS 


Figure  and/or 

Name 

Table  No. 

80* 

Aluminum  +  Manganese 

81 

Aluminum  +  Oxygen 

82* 

Antimony  +  Copper 

83* 

Beryllium  *  Aluminum 

84 

Cobalt  *  Silicon 

85* 

Copper  +  Antimony 

86* 

Copper*  Arsenic 

87 

Copper*  Nickel 

88* 

Copper  *  Silver 

89* 

Copper*  Tin 

90 

Copper  +  Zinc 

91* 

Germanium  +  Silicon 

92 

Hafnium  +  Zirconium 

93 

Molybdenum  +  Titanium 

94 

Molybdenum  +  Tungsten 

95* 

Nickel +  Iron 

96 

Nickel  +  Manganese 

97 

Niobium*  Tantalum 

98 

Potassium  *  Sodium 

99 

Tantalum  +  Niobium 

100 

Tantalum*  Tungsten 

101 

Titanium  *  Aluminum 

102 

Zirconium*  Dysprosium 

103 

Zirconium  *  Tin 

104 

Zirconium*  Uranium 

Formula  Page 

AU  Mn .  224 

AU  O  .  225 

Sb  +  Cu  .  227 

Bet  A1  .  228 

Co+  Si  .  229 

Cu+  Sb  .  231 

Cu  +  As .  232 

Cu+Ni  .  233 

Cu  *  Ag .  236 

Cu*  Sn  .  237 

Cu  +  Zn .  238 

Ge  *  SI  .  241 

HU  Zr  .  242 

Mo  +  Ti  .  244 

Mo  +  W  .  246 

Ni  *  Fe  .  248 

Ni+  Mn .  249 

Nb  +  Ta .  251 

K  +  Na  .  254 

Ta*  Nb .  256 

Ta*  W  .  258 

Ti  *  A1  .  260 

Zr*  Dy .  262 

Zr*  Sn  .  264 

Zr*  U  .  267 


NONFERROUS 

MULTIPLE  ALLOYS 

Figure  and/or 
Table  No. 

Name 

105 

Aluminum  +  Copper*  EXj 

106 

Aluminum*  Iron*  EX. 

107* 

Aluminum  *  Magnesium  *  EX. 

108 

Aluminum  +  Silicon  +  EXj 

109 

Aluminum*  Zinc*  EX. 

110* 

Antimony  *  EXj 

111 

Beryllium*  Magnesium*  EXj 

112* 

Cobalt  *  Chromium  +  EX. 

113* 

Copper*  Aluminum  +  EXj 

114* 

Gold  +  EXj 

115 

Hafnium  *  Tantalum  +  EX{ 

116* 

Lithium  *  Sodium  *  EXj 

117 

Magnesium  *  Aluminum  *  EXj 

118 

Magnesium  +  Thorium  *  EXj 

119 

Nickel  +  Chromium  +  EXj 

120* 

Nickel  +  Cobalt  +  EXj 

121 

Nickel*  Copper*  EX. 

fNo  figure  given 


Formula  Page 

AUCu+EX, .  270 

A1  +  Fe  *  EX,  .  273 

AUMg+EX, .  276 

AU  SU  EX,  .  277 

A1+  Zn*  EX,  .  280 

Sb*  EX,  284 

Be*  Mg*  EX, .  285 

Co+Cr+EX, .  287 

Cu  +  A1  +  EX,  .  288 

Au  +  EX,  .  289 

Hf  +  Ta  *  EX,  .  290 

LI  *  Na  +  EX,  .  292 

Mg  *  A!  +  EX, .  293 

Mg  +  Th  ♦  EX, .  295 

Ni*  Cr+  EX,  .  298 

Nl  +  Co  *  EX, .  302 

Ni  +  Cu  +  EX,  .  303 
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3.  NONFERROL'S  MULTIPLE  ALLOYS  (continued) 


Figure  and/or 

Table  No. 

Name 

Formula 

122 

Nickel*  Iron+  EX. 

Ni  +  Fe  *  £X. 

123 

Nickel.  Titanium.  EX. 

Ni  +  Ti  +  EX. 

124 

Nickel  +  £X. 

Ni  +  EX. 

125 

Niobium  +  Molybdenum  + 

Nb+  Mo  +  EX( 

126 

Niobium  +  Tantalum  +  EX. 

Nb  +  Ta  +  EXj 

127 

Niobium  +  Titanium  +  EX. 

Nb  .  Ti  +  EXj 

128 

Niobium  *  Tungsten  +  EXj 

Nb.  W.  EXj 

129 

Tantalum  .  Niobium  +  EXj 

Ta  +  Nb  +  EXj 

130 

Tantalum  .  Tungsten  +  EXj 

Ta*  VV+  EX. 

131 

Titanium  +  Aluminum*  EXi 

Ti  +  A1  +  EX. 

132 

Zirconium*  Aluminum* 

Zr  +  A1+  EX. 

t 

FERROUS  ALLOYS 

A.  CARBON  STEELS 

133 

Iron  +  Carbon  +  EX. 

Fe  +  C  .  EX. 

134 

Iron  +  Carbon  +  EX. 

Fe  +  C  +  EXj 

B.  ALLOY  STEELS 

135 

Iron.  Chromium.  EX. 

Fe.  Cr+  EX. 

136 

Iron.  Chromium.  Nickel.  EX. 

Fe*  Cr+  Ni* 

137 

Iron  +  Manganese  *  EX. 

Fe.  Mn+  EX 

138 

Iron.  Manganese.  EX( 

Fe.  Mn  +  £X. 

139 

Iron.  Nickel.  EX( 

Fe  +  Ni  +  EX. 

140 

Iron.  Nickel.  Chromium.  EX. 

Fe.  Ni.  Cr. 

141 

Iron  +  Silicon  +  EXj 

Fe  +  Si  +  EXj 

142+ 

Iron*  Silicon*  EXj 

Fe  +  Si  +  EXj 

INTERMETAL  LIC 

COMPOUNDS 

Figure  and/or 

Table  No. 

Name 

Formula 

143 

Indium  Antimonide 

InSb 

144+ 

Magnesium  Germanide 

Mg2Ge 

145 

Magnesium  Stannide 

Mg2Sn 

SINGLE  OXIDES 

Figure  and/or 

V 

Table  No. 

Name 

Formula 

146 

Aluminum  Oxide 

147 

Beryllium  Oxide 

BeO 

148+ 

Hydrogen  Oxide 

HjO 

149+ 

Iron  Oxide 

Fe;Os 

150+ 

Lead  Oxide 

PbO 

151 

Magnesium  Oxide 

MgO 

fNo  figure  given. 


Group  I 
Group  II 


Group  II 
+  EX.  Group  II 
Group  I 
Group  II 
Group  II 
Group  II 
Group  I 
Group  II 


Page 

305 

307 

309 

312 

314 

316 

318 

320 

322 

325 

329 


332 

334 


338 

344 

353 

357 

360 

362 

366 

368 


Page 

370 

374 

375 


Page 

378 

386 

390 

391 

392 

393 
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6.  SINGLE  OXIDE  (continued) 


Figure  and/or 
Table  No. 

Name 

Formula 

152 

Silicon  Dioxide  (crystalline) 

Si02 

153 

Silicon  Dioxide  fused) 

SiO, 

154* 

Thorium  Dioxide 

Th02 

155 

Uranium  Dioxide 

UO, 

156* 

Yttrium  Oxide 

y2o3 

157* 

Zinc  Oxide 

ZnO 

158 

Zirconium  Dioxide 

ZrO, 

MULTIPLE  OXIDES  AND  SALTS 

Figure  and/or 
Table  No. 

Name 

Formula 

159* 

Aluminum  Silicate 

Al$Si2Ot3  • 

160* 

Barium  Sulfate 

BaS04 

161* 

Calcium  Carbonate 

CaC03 

162* 

Calcium  Tungstate 

CaW04  • 

163 

Iron  Orthosilicate 

Fe2Si04  • 

164 

Magnesium  Aluminate 

MgAl204  • 

165* 

Magnesium  Carbonate 

MgC03  • 

166 

Magnesium  Orthosilicate 

Mg2Si04  • 

Page 

396 

399 

401 

402 

407 

408 

409 


Page 

412 

413 

414 

415 

416 
418 

421 

422 


MDCTURES  OF  OXIDES 

Figure  and/or 
Table  No. 

Name 

167+ 

Aluminum  Oxide  +  Silicon  Dioxide 

168+ 

Iron  Orthosilicate  +  Magnesium 
Orthosilicate 

169+ 

Magnesium  Aluminate  +  Sodium  Oxide 

170 

Magnesium  Oxide  +  Aluminum  Oxide 

171 

Silicon  Dioxide  +  Aluminum  Oxide  +  EXj 

172+ 

Silicon  Dioxide  +  Barium  Oxide  +  EXj 

173+ 

Silicon  Dioxide  +  Boron  Oxide 

174+ 

Silicon  Dioxide  +  Boron  Oxide  +  £X. 

175+ 

Silicon  Dioxide  +  Calcium  Oxide  +  EX. 

176+ 

Silicon  Dioxide  +  Lead  Oxide  +  EXj 

177+ 

Silicon  Dioxide  +  Magnesium  Oxide 

178+ 

Silicon  Dioxide  +  Sodium  Oxide  +  EX. 

179 

Uranium  Dioxide*  Plutonium  Dioxide 

180 

Uranium  Oxycarbide  +  Uranium  Dioxide 

181+ 

Zirconium  Dioxide  +  Calcium  Oxide 

182 

Zirconium  Dioxide  +  Magnesium  Oxide 

183+ 

Zirconium  Dioxide  +  Yttrium  Oxide 

Formula  Page 

A  1,0,  +  SIO,  .  426 

Fe,SiO,  +  Mg,StO(  .  427 

MgAl,04  +  Na,0 .  428 

MgO  +  A  1,0,  .  429 

SiO,  +  A1,03  +  431 

SiO,  +  BaO  +  EXj .  435 

SiO,  +  B,Os  436 

SiO,  *  B,Os  +  EXj .  437 

SiO,  +  CaO  +  EXj .  438 

SiO,  +  PbO  +  EX( .  439 

SiO,  *  MgO  .  440 

SiO,  *  Na,0  *  EX( .  441 

UO,  *  PuO,  442 

UC„Oy+  UO,  .  447 

ZrO,  +  CaO  .  450 

ZrO,  +  MgO  451 

ZrO,  +  Y,Os  .  454 
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9.  NONOXIDE  COMPOUNDS 


igure  and/or 
Table  No. 

Name 

Formula 

184 

Bismuth  Teliuride 

BizTe3 

B4C 

185+ 

Boron  Carbide 

186 

Gallium  Arsenide 

GaAs 

187 

Hafnium  Diboride 

HfB* 

188+ 

Hafnium  Carbide 

HfC 

189 

Iron  Silicide 

FeSi 

190+ 

Lead  Teliuride 

Pb  Tv 

191 

Lithium  Fluoride 

LiF 

192+ 

Molybdenum  Ditelluride 

MoTe2 

193 

Niobium  Carbide 

NbC 

194+ 

Plutonium  Carbide 

PuC 

195+ 

Silicon  Carbide 

Si  C 

196+ 

Silver  Bromide 

AgBr 

197+ 

Silver  Antimony  Teliuride 

AgSLTe, 

198 

Sodium  Chloride 

NaCl 

199+ 

Tantalum  Carbide 

TaC 

200 

Titanium  Di boride 

T1B2 

201 

Titanium  Carbide 

TiC 

202 

Titanium  Nitride 

TIN 

203+ 

Tungsten  Diboride 

WBj 

204 

Uranium  Carbide 

VC 

205 

Uranium  Nitride 

UN 

206 

Uranium  Oxycarbide 

uovc 

207 

Uranium  Phosphide 

x  y 
UP 

208 

Uranium  Sulfide 

US 

209 

Zirconium  Diboride 

ZrBj 

210 

Zirconium  Carbide 

ZrC 

211 

Zirconium  Nitride 

ZrN 

10.  MIXTURES  OF  NONOXIDES 


Page 

456 

463 

462 

465 

467 

468 

470 

471 

473 

474 

476 

477 

479 

480 

481 

483 

484 
486 
492 

495 

496 
500 
502 
505 
507 
509 
511 
514 


Figure  and/or 
Table  No. 

Name 

Formula 

212* 

Air 

213* 

Antimony  Sulfide  +  Sulfur  Sb^Sg 

Barium  Sulfate  +  Zinc  Sulfide  +  Zinc  Oxide 

s  . 

214* 

BaSO,  +  ZnS  +  ZnO . 

215 

Hafnium  Dlboride  *  Carbon 

HfB2  +  C  . 

216 

Hafnium  Diboride  +  Silicon  Carbide 

HfBj  +  SiC  •  . . 

217 

Hafnium  Diboride  +  Silicon  Carbide  +  Carbon 

HfB2  +  SiC  *  . . 

218 

Iron  Disilicide  +  Cobalt  Disilicide 

219 

Iron  Disilicide  +  Iron-Aluminum 

220* 

Intermetallic  Compound 

Molybdenum  Ditelluride  +  Tungsten 

221 

Ditelluride 

MoTe2  -  WTe? . 

Uranium  Carbide  +  Plutonium  Carbide 

l!C  t  PuC  . 

222 

Zirconium  Diborlde  +  Carbon 

ZrBj  +-  C  . 

*No  figure  given. 


Page 

518 

519 

520 

521 
523 
525 
527 

529 

531 

532 
534 
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10.  MIXTURES  OF  NONOXIDES  (continued) 


Figure  and/or 
Table  No. 

223 

224 

225 


Name 

Zirconium  Diboride  +  Silicon  Carbide 

Zirconium  Diboride  +  Silicon  Carbide  + 
Carbon 

Zirconium  Hydride  +  Uranium 


8 

11.  MI  NERA  L*AND  ROC  KS 


Figure  and/or 
Tabic  No. 

226+ 

227+ 

228* 

229 


Name 

Clay 

Marble 

Mica 

Soil 


Formula 
ZrBj  +  SiC 

ZrBj  +  SiC  +  C 
ZrH2  4-  U 


Page 

536 

538 

540 


Page 

546 

547 

548 
550 


12.  SYSTEMS 


Figure  and/or 
Table  No. 

230+ 

231  + 

232 
233+ 


Name 

Corrugated  Sheets 

Laminates  (metallic  -  nonmetallic) 

Laminates  (nonmetallic ) 

Packed  Beds 


Page 

552 

553 

554 
562 


13.  REFRACTORY  MATERIALS,  PROCESSED  COMPOSITES,  AND  GLASSES 


Figure  and/or 
Table  No. 

234 

235 
236+ 

237 

238* 

239 

240 

241 

242 


Name 

Aluminosilicate  Refractories  •  •  . 

| Aluminum  Oxide  +  Molybdenum|  Cermets 
Asbestos  Cement  Board  •  •  • 

Bricks  .  .  . 

Concrete  .  .  . 

Kaolin  Fibers  .  .  . 

Phenol- Formaldehyde  Plastic,  Reinforced 
Glasses  .  .  . 

Glass  -  Ceramics  •  «  • 


Page 

564 

566 

568 

569 

572 

573 
575 
577 
581 


14.  ORGANIC  COMPOUNDS 


Figure  and/or 
Table  No. 

243+ 

244+ 

245+ 

246+ 


Name 

Fluorocarbon 
Glycerol 
n-Octyl  Alcohol 
Sucrose  Solution 


Page 

588 

589 

590 

591 
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POLYMERS 

Figure  and/or 

Name 

Table  No. 

247+ 

Acrylic 

248+ 

Nylon 

249+ 

Polyester 

250 

Polyethylene 

251  + 

Polyethylene  Terephthalene 

252+ 

Polymethacrylate 

253 

Poly  methy  1  methacrylate 

254+ 

Polypropylene 

255 

Polystyrene 

256 

Polytetrafluoroethylene 

257+ 

Polytrifluorochloroethylene 

258+ 

Polyurethane 

259+ 

Polyvinyl  Chloride 

260 

Resin 

261 

Rubber 

262+ 

Silicone 

Page 

594 

595 

596 

597 
600 
601 
602 

604 

605 
608 
611 
612 

613 

614 
616 
619 


16.  FOODS  AND  BIOLOGICAL  MATERIALS 


Figure  and/or 
Table  No. 

Name 

263 

Apple  Sauce 

264+ 

Banana 

265t 

Beef 

266+ 

Beet 

267 

Brain  Tissue 

268+ 

Cabbage 

269+ 

Carrot 

270t 

Castor  Oil 

271  + 

Egg 

272+ 

Eggplant 

273+ 

Fish 

274+ 

Grapefruit 

275+ 

Ham 

276+ 

Juice 

277t 

Milk  Curd 

278+ 

Orange  Marmalade 

279t 

Potato 

280+ 

Starch 

281  + 

Strawberry 

282+ 

Teak 

283+ 

Tomato 

284+ 

Tylose  Gel 

Page 

622 

624 

625 

626 
627 

630 

631 

632 

633 

634 

635 

636 

639 

640 

641 

642 

643 

644 

645 

646 

647 

648 


t 


No  figure  given. 
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BEST  AVAILABLE  COPY 


Notation 


a 

Heat  loss  parameter  [equations  (77) 

m 

and  (80)] 

n 

A 

Area;  Numerical  coefficient  [equa¬ 

P 

tions  (82)  and  (84)] 

P 

A  i,  A2 

Areas  of  container  and  fluid,  respec¬ 

Pr 

tively  [equation  (96)] 

<? 

A 

Coefficient  of  series  expansion 

[equation  (54)] 

b 

Numerical  coefficient  [equations  (77) 

q' 

and  (80)],  approximately  equal  to 

Q 

a2/ 4,  with  a  given  by  equation 

Qo,Q 

(80) 

r 

B 

Constant ;  Coefficient  [equations 

r,,r2 

(75)  and  (76)] 

r> 

Specific  heat  at  constant  pressure 

Specific  heat  of  container  and  fluid. 

R 

respectively  [equation  (96)] 

K* 

C 

Capacitance ;  Constant  [equation 

s 

(9)] 

S 

d 

Density 

t 

dud2 

Density  of  container  and  fluid,  res¬ 

‘c 

pectively  [equation  (96)] 

d0,dr 

Density  at  T0  and  T,  respectively 

U 

E 

Electromotive  force 

li,h 

f 

Frequency 

T 

F 

Numerical  coefficient  [equation  82)] 

T0 

g 

-  Small  thickness 

h 

Heat  transfer  coefficient 

T, 

H 

Flux  of  absorbed  energy 

Tr 

Hm 

Mean  flux 

Tm 

Ho 

Magnetic  field  intensity 

Tt,T2 

A  H 

Latent  heat  of  vaporization 

I 

Electric  current 

A  T 

lo 

Bessel  function  of  first  kind  and 

A  T0 

zeroth  order ;  Amplitude  of  sinu¬ 

A  Tf 

soidally  varying  electric  current 

V 

^0 

Bessel  function  of  zeroth  order 

v,,v2 

k 

Thermal  conductivity 

V 

k0 

Thermal  conductivity  at  T  =  0 

Vi,V2 

L 

Length  or  thickness;  Lorenz  func¬ 

tion 

X 

Modulation  coefficient 

Integer;  Number  of  time  intervals 

Perimeter 

Power 

Prandtl  number 

Logarithmic  attenuation  [equation 
(68)] ;  Amplitude  ratio 
Amplitude  ratios 
Phase  shift  [equation  (69)] 

Heat  quantity 
Coefficients  [equation  (79)] 

Radius ;  Recovery  factor 
Radii  * 

Distance  for  half  maximum  tem¬ 
perature  difference 
Resistance ;  Radius  of  sample 
Radius  of  coil 
Mean  error  [equation  (14)] 

Slope 

Time 

Characteristic  temperature  rise  time 
=  L2/n2tx 

Time  axis  intercept 
Time  at  two  positions 
Temperature,  K 

Initial  temperature;  Ambient  tem¬ 
perature 

Effective  temperature 
Temperature  maximum  of  front  face 
Maximum  temperature 
Temperatures  at  two  positions  or 
times 

Temperature  difference 
Initial  temperature  difference 
Final  temperature  difference 
Velocity 

Two  different  velocities 
Voltage 

Voltage  readings  of  two  thermo¬ 
couples 

Distance ;  Position ;  Length 


la 


"05  •Cs  H 


2a  Notation 


W* 

v, ,  x2 
X.,X, 

ra<  yp 
% 

a* 

2 

..ft 


7 

6 

A 

t 

<1 

0 


Coordinates  of  position  for  half 
maximum  temperature  difference 
x  coordinates  of  two  positions 
Horizontal  distances  such  that  Xp  = 
Xa  sin  i j> 

Vertical  distances  such  that  Y  = 
Ya  sin  4> 

Thermal  diffusivity 
Measured  thermal  diffusivity 
Thermal  diffusivity  of  container 
Thermal  diffusivity  of  liquid 
Coefficient  [equation  (17)] 

Values  of  /?  for  same  temperature 
interval  and  velocities  r,  and  v. 

Effective  thickness  of  skin  layer 
Correction  factor  [equation  (95)] 
Emissivity;  Deformation  coefficient 
Temperature  error  at  time  f, 
Viscosity;  also  S/2R 
Debye  characteristic  temperature; 
Amplitude 


0 

ft 

v 

n 

P 

Po 

a 


4> 


X 

to 


Expression  [equations  (54)  and  (56)] 
Variable  =  <l/k0>f J  k  dT  [equation 
(6)] 

Magnetic  permeability 
Kinematic  viscosity 
Equal  to  3.14159  • 

Electrical  resistivity 
Residual  electrical  resistivity 
Electrical  conductivity ;  Stefan- 
Boltzmann  constant 
Wave  period ;  Pulse  time 
Wave  periods  at  two  positions 
Phase  shift 

Phase  differences  between  modu¬ 
lated  beam  and  front  and  rear 
surfaces 

Equal  to  toH/a  [equation  (84)]; 

Equal  to  R(Q/a)°  5  [equation  (88)] 
Thomson  functions  [equation  (90)] 
Angular  frequency 
Modulation  frequency 


Thermal  Diffusivity  Data  and  Relationship 
to  Other  Properties 


1.  INTRODUCTION 

Thermal  diffusivity,  the  quantity  dealt  with  in 
this  volume,  is  the  quantity  which  enters  into  certain 
equations  relating  to  the  heat  flow  under  nonsteady- 
state  conditions.  The  name  temperature  conductivity  is 
also  used  for  this  quantity,  particularly  in  some  Euro¬ 
pean  literature,  but  in  the  present  volume  only  the 
term  thermal  diffusivity  will  be  used. 

For  steady-state  conditions  of  unidirectional  heat 
flow  in  an  isotropic  medium  the  well-known  Fourier- 
Biot  equation  holds,  namely, 


Q 

A 


(U 


where  Q  is  the  quantity  of  heat  flowing  in  unit  time 
through  an  area  A  under  the  influence  of  a  tempera¬ 
ture  gradient  dT/dx ,  and  k  is  the  thermal  conductivity. 
The  thermal  conductivity  may  therefore  be  defined  as 
the  quantity  of  heat  transmitted,  due  to  unit  tempera¬ 
ture  gradient,  in  unit  time  under  steady-state  condi¬ 
tions  in  a  direction  normal  to  a  surface  of  unit  area. 
When  the  thermal  properties  are  independent  of 
temperature  but  the  temperature  varies  with  time,  t, 
the  equation  becomes 


d2T 
dx 2 


(2) 


where  d  is  the  density  and  Cp  the  specific  heat  at 
constant  pressure.  Equation  (2)  can  be  written  in  the 
form 


dT  d2T 
~di~tt~dxi 


(3) 


where  at,  representing  k/dCp ,  is  the  quantity  which 
Maxwell  [l]  called  the  thermometric  conductivity 
and  Thomson  (Lord  Kelvin)  [2]  the  thermal  diffu¬ 
sivity.  This  last  name  is  appropriate  since  all  dif¬ 
fusion  processes  can  be  represented  by  an  equation 


similar  to  equation  (3),  and  since  a  has  the  dimensions 
(length)2  (time)-1,  which  are  the  dimensions  of  a 
diffusion  coefficient. 

It  will  be  noted  that  in  the  one-dimensional  case 
represented  by  equations  (1)  and  (2),  the  thermal 
properties  k,  d,  and  Cp  are  treated  as  constants, 
independent  of  both  position  and  temperature.  This 
approximation  is  often  acceptable.  However,  when 
the  thermal  conductivity  is  not  a  constant,  equation  (2) 
becomes 


dCp—  =  VkVT  (4) 

The  temperature  dependency  of  d  and  Cp  must  be 
taken  into  account  when  equation  (4)  is  solved.  For 
Cartesian  coordinates  and  isotropic  materials,  equa¬ 
tion  (4)  may  be  rewritten  as 


d_ 

dx1 


(5) 


Carslaw  and  Jaeger  [3]  show  how  equation  (5)  can 
be  reduced  to 


where 


d&_  Id2®  d2®  d2®\ 

dt  dx2  +  dy 2  +  dz2  ) 


k  dT 


16) 


(7) 


in  which  k0  is  the  value  of  k  when  T  =  0,  and  where  in 
equation  (6)  a  =  k/dCp  is  a  function  of  the  new 
variable  6. 

For  more  complex  cases,  such  as  anisotropic 
materials  where  the  conductivity  is  treated  as  a 
second-order  tensor,  or  when  large  temperature 
gradients  are  present  or  very  short  times  are  con¬ 
sidered,  the  thermal  diffusivity  (and,  for  the  latter  two 
cases,  the  thermal  conductivity)  becomes  ill-defined. 


3a 


4a  Theory,  Estimation,  and  Measurement 


The  allowance  for  k  to  be  a  function  of  temperature 
therefore  gives  rise  to  greater  complications  in  equa¬ 
tions  relating  to  the  transient  state  than  for  the  steady 
state.  When  making  experimental  determinations  of 
thermal  diffusivity,  however,  the  normal  practice  has 
involved  relatively  small  ranges  of  temperature,  and 
the  assumption,  within  this  range,  of  a  constant 
thermal  conductivity  has  invariably  been  made.  This 
assumption  has  usually  been  well  justified  and  is 
consistent  with  the  few  percent  uncertainty  that  is 
claimed  for  most  thermal  diffusivity  determinations. 

Those  working  in  this  held,  and  particularly 
those  engaged  in  problems  in  which  large  temperature 
differences  can  be  established,  and  for  which  there 
may  be  considerable  temperature  variation  of  the 
thermal  and  physical  properties,  must  however  be 
watchful  for  conditions  for  which  the  simpler  equa¬ 
tion  could  become  quite  inapplicable.  This  could  well 
be  the  case,  for  instance,  in  problems  relating  to  the 
re-entry  of  space  vehicles  into  the  earth’s  atmosphere, 
and  possibly  also  to  the  flash  method  (see  Section  l.H 
of  the  next  chapter),  if  operated  on  poorly  conducting 
materials  with  intense  heating. 

Since  these  are  mid-twentieth  century  develop¬ 
ments,  the  present  text  and  collected  data  will  be 
found  to  relate  almost  entirely  to  methods  in  which 
constancy  of  the  thermal  properties  has  been  assumed. 

The  fact  that  the  thermal  diffusivity  is  defined  as 
k/dCf  means  that  this  property  differs  fundamentally 
from  that  of  the  other  volumes  of  this  series  in  involv¬ 
ing  properties  belonging  to  eight  of  the  thirteen 
volumes.  It  is  most  closely  related  to  thermal  conduc¬ 
tivity,  the  subject  of  Volumes  1  to  3,  but  also  involves 
specific  heat,  which  is  the  subject  of  Volumes  4  to  6, 
and  thermal  expansion,  the  subject  of  Volumes  12 
and  13,  since  this  property  determines  the  tempera¬ 
ture  variation  of  density. 

While  no  case  is  known  in  which  knowledge  of 
thermal  diffusivity  has  led  to  the  evaluation  of  a 
thermal  expansion  coefficient,  and  only  one  instance 
will  be  described  in  which  use  has  been  made  of  a 
thermal  diffusivity  method  for  specific  heat  determina¬ 
tions,  considerable  use  has  been  made  of  thermal 
diffusivity  methods  for  the  determination  of  thermal 
conductivity.  Indeed  the  primary  requirement  of  the 
investigation  has  frequently  been  thermal  conduc¬ 
tivity  rather  than  thermal  diffusivity.  Many  investiga¬ 
tions  of  this  type  have  been  included  in  Volumes  1  and 
2  of  this  series,  and  some  may  tend  to  regard  a  treatise 
on  thermal  diffusivity  as  superfluous  since  any 
required  thermal  diffusivity  value  should  be  obtain¬ 
able  from  the  information  given  in  these  other 


volumes.  Such  derived  thermal  diffusivity  values  are 
indeed  included  in  this  volume  for  many  elements  and 
serve  to  extend  considerably  the  temperature  ranges 
for  which  direct  determinations  of  this  quantity  have 
been  made. 

Despite  its  being  a  derived  quantity,  interrelating 
three  other  properties,  thermal  diffusivity  is  regarded 
as  an  important  physical  quantity  in  that  it  determines 
the  rate  of  heat  propagation  in  transient-state  pro¬ 
cesses.  Furthermore,  the  development  of  improved 
measurement  techniques  and  their  application  to 
transient  experimental  methods  is  leading  to  an 
increasing  use  of  these  methods  as  a  means  of  deriving 
thermal  conductivity  values.  This  is  particularly  true 
at  high  temperatures,  where  physicochemical  changes 
in  samples  often  necessitate  rapid  experimental 
methods.  Kaspar  and  Zehms  [4]  have  gone  further  by 
recognizing  the  measurement  of  thermal  diffusivity  in 
solids  to  be  more  than  an  indirect  method  for  the 
determination  of  thermal  conductivity.  They  point 
out  that  under  certain  conditions  thermal  diffusivity 
measurements  are  capable  of  revealing  thermal  con¬ 
duction  phenomena  which  would  not  be  apparent 
by  steady-state  measurement  methods.  Transient  or 
steady  periodic  methods  should,  for  instance,  be 
capable  of  detecting  and  determining  time-dependent 
property  values  for  which  only  a  final  value  would  be 
obtained  by  steady-state  methods. 

In  view  of  these  facts,  in  addition  to  the  recog¬ 
nized  position  which  thermal  diffusivity  has  long 
occupied,  a  separate  volume  devoted  to  this  subject 
is  considered  highly  desirable.  It  is  well  justified  on 
historical  grounds  and  should  be  welcomed  by  those 
who  are  concerned  with  modem  heat  transfer  prob¬ 
lems. 

Thermal  diffusivity  can  be  determined  by  any  of 
the  many  experimental  methods  involving  a  tempera¬ 
ture-time  dependence  for  which  equation  (3)  is 
applicable.  Only  some  of  these  methods  will  he 
described  in  detail,  and  the  following  general  con¬ 
siderations  should  be  mentioned. 

All  materials  conduct  heat  to  a  greater  or  lesser 
extent,  and,  just  as  with  the  determination  of  thermal 
conductivity,  the  methods  employed  for  the  deter¬ 
mination  of  a  are  troubled  by  errors  due  to  unwanted 
heat  transfers.  These  are  naturally  reduced  when  the 
experimental  time  is  decreased,  and  much  shorter 
times  can  be  used  in  transient,  variable-state  experi¬ 
ments  than  when  a  periodic  temperature  oscillation 
or  a  steady-state  temperature  distribution  has  to  be 
established.  This  has  long  been  realized,  but  the  satis¬ 
factory  application  of  transient  methods  has  awaited 
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technological  developments  which  have  allowed  tem¬ 
perature  changes  to  be  more  accurately  determined 
over  short  measured  time  intervals.  Improved  tech¬ 
nology  has  thus  led  to  a  revival  of  interest  in  transient 
methods  for  determining  thermal  properties,  particu¬ 
larly  at  high  temperatures.  In  the  following  sections 
these  newer  methods  will  be  described  in  rather  more 
detail  than  those  originally  used. 

Other  accounts,  often  giving  more  details  of  the 
older  experimental  methods  and  related  mathematical 
treatments,  will  be  found  in  the  works  of  Carslaw  and 
Jaeger  [3],  Callendar  [5],  Preston  [6],  Ingersoll  et  al. 
[7],  Jakob  [8],  Grdber  and  Erk  [9],  and,  for  fluids  only, 
Tsederberg  [10].  More  recent  accounts  are  those  of 
Sherwood  [11]  and  of  Danielson  and  Sidles  [12]. 

2.  AVAILABLE  THERMAL  DIFFUSIVITY 
DATA 

A.  The  Chemical  Elements 

The  purpose  of  the  present  volume  is  to  make 
available  under  one  cover  the  available  experimental 
data  for  the  thermal  diffiisivity  of  materials,  at  least 
insofar  as  such  da  a  have  been  extracted  from  the 
original  publications  and  collected  at  the  Thermo¬ 
physical  Properties  Research  Center  (TPRC). 

It  will  be  found  that  this  volume  contains  fewer 
data  than  do  the  volumes  relating  to  thermal  conduc¬ 
tivity.  This  is  because  the  property  of  thermal  dif- 
fusivity  has  been  investigated  to  a  much  more  limited 
extent.  For  instance,  experimental  thermal  diffiisivity 
data  are  available  for  only  some  39  of  the  105  elements 
whereas  experimental  thermal  conductivity  data  are 
available  for  at  least  82.  Even  for  most  of  these  39 
elements  the  measurements  often  cover  only  a  small 
temperature  region  near  room  temperature  or  to  a 
few  hundred  degrees  above.  Experimental  determina¬ 
tions  below  room  temperature  and  for  the  molten 
phase  are  very  scarce. 

In  order  to  remedy  this  situation,  provisional 
thermal  diffiisivity  values  have  been  published  by  Ho 
et  al.  [13]  for  75  of  the  elements  for  which  the  recom¬ 
mended  (or  provisional)  thermal  conductivity  values 
had  already  been  derived  at  TPRC  [14-16].  These 
recommended  thermal  conductivity  values  (as  of  1968) 
were  used  for  k;  Cp  was  obtained  from  TPRC  and 
other  compilations,  d  was  taken  from  the  literature  or 
computed  from  thermal  expansion  data,  and  a  was 
then  calculated  from  k/dCp. 

Subsequently  the  recommended  thermal  con¬ 
ductivity  values  were  completely  updated  and  revised 
for  publication  in  the  Journal  of  Physical  and  Chemical 


Reference  Data.  In  the  course  of  preparing  this 
volume,  the  thermal  diffiisivity  values  were  recalcu¬ 
lated  using  the  revised  thermal  conductivity  values. 
On  the  other  hand,  the  experimental  thermal  dif- 
fusivity  data  for  the  elements  were  critically  evaluated, 
analyzed,  and  synthesized.  The  derived  thermal  dif- 
fusivity  values  were  then  compared  with  the  evaluated 
experimental  data,  whenever  available,  to  generate 
the  recommended  (or  provisional)  thermal  diffiisivity 
values  for  the  elements  presented  in  this  volume. 
These  values  serve  also  to  increase  substantially  the 
range  of  temperatures  for  which  information  on 
thermal  diffiisivity  is  available. 

Figure  1  shows  available  values  of  the  thermal 
diffiisivity  of  the  elements  at  300  K  plotted  against 
the  atomic  number  of  the  particular  element.  A  fair 
amount  of  systematic  variation  is  evident,  and  from 
this  figure  very  tentative  values  can  be  derived  for 
those  elements  for  which  more  direct  information  is 
lacking. 

B.  Titanium  at  High  Temperatures 

The  important  low-density  high-melting-point 
metal  titanium  happens  to  be  a  metal  for  which,  until 
recently,  thermal  diffusivity  had  provided  the  only 
experimental  information  for  the  thermal  conductivity 
at  high  temperatures,  indeed  for  the  /?-phase  of  this 
element. 

A  linear  plot  of  all  available  information  [17-31, 
253]  on  the  thermal  conductivity  of  titanium  is  shown 
in  Fig.  2.  The  curves  which  relate  to  direct  thermal 
conductivity  measurements  are  shown  as  continuous 
lines.  Our  present  interest  centers  on  the  high- 
temperature  data,  and  it  will  be  seen  that  although 
above  room  temperature  some  twelve  sets  of  direct 
determinations  have  been  made,  the  upper  limit  of 
these  determinations  except  one  is  about  975  K.  Ho 
et  al.  [15]  deduced  the  probable  course  of  the  heavy 
line  of  Fig.  2  from  consideration  of  values  of  the 
electrical  resistivity  [32]  and  assuming  the  Lorenz 
function  to  decrease  from  3.06  x  10' 8  to  2.44  x 
10'8  V2  K  ~ 2  over  the  range  773  to  1673  K  with  most 
of  the  decrease  occurring  in  the  region  of  the  alpha- 
to-beta  transformation.  The  derived  curve  is  shown  to 
increase  steadily  with  increase  in  temperature,  al¬ 
though  the  possibility  of  a  small  discontinuity  in  the 
thermal  conductivity  in  the  region  of  1155K  was 
fully  realized. 

Rudkin  et  al.  [31]  have  made  determinations  of 
the  thermal  diffusivity  of  titanium  for  the  range  746 
to  1598  K,  and  Zinov’ev  et  al.  [29]  have  since  made 
similar  determinations  from  1006  to  1498  K.  It  is  of 
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Fig.  1.  Thermal  diffusivity  of  the  elements  at  300  K.  Open  circles  indicate  estimated  values  for  those  elements  for  which  no  experimental  data 
are  available. 


interest  that  these  latest  measurements  indicated 
increases  of  12  and  17  percent,  respectively,  to  occur 
at  the  transformation  temperature.  From  these  ther¬ 
mal  diffusivity  values  the  curves  shown  in  Fig.  2  as 
dashed  lines  have  been  obtained.  In  the  case  of  the 
measurements  of  Rudkin  et  al.  [31]  the  thermal  con¬ 
ductivity  values  were  derived  at  TPRC  by  using  the 
specific  heat  data  of  Hultgren  et  al.  [33].  Zinov’ev  et 
al.  themselves  made  this  derivation,  and  the  five  sets 
of  thermal  conductivity  data  attributed  to  them  in 
Fig.  2  were  obtained  by  using  five  different  sets  of 
specific  heat  data.  For  curves  27  and  25  the  same 
specific  heat  values  have  been  used,  namely,  those  of 
Hultgren  et  al  [33],  so  that  these  two  curves  indicate 
the  real  difference  between  the  thermal  diffusivity 
values  of  Rudkin  et  al.  and  of  Zinov’ev  et  al.  Those  of 
the  former  workers  are  greater,  the  differences 
increasing  from  18  percent  at  1010  K  to  40  percent  at 
1500  K.  Doubt  as  to  the  true  specific  heat  clearly  adds 
to  the  uncertainty  of  any  thermal  conductivity  value 
derived  from  a  thermal  diffusivity  measurement. 


This  example  shows  that  despite  the  manner  in 
which  modern  thermal  diffusivity  measurements  are 
helping  to  increase  knowledge  of  thermal  properties 
at  high  temperatures,  large  uncertainties  still  exist 
and  every  effort  should  still  be  directed  toward  the 
achievement  of  greater  accuracy  in  all  these  measure¬ 
ments. 

C.  Experimental  Data  as  Exemplified  by  Copper 
and  Tungsten 

The  compilation  of  experimental  data  for  the 
thermal  diffusivity  of  various  materials,  which  forms 
the  major  part  of  the  present  volume,  aims  to  include 
all  published  data.  One  consequence  of  this  is  that  the 
data  are  not  selective,  irrespective  of  the  uncertainty 
of  the  data.  Any  reported  reliability  or  error  limits 
included  are  the  estimations  given  in  the  original 
publications.  Only  for  the  elements,  critical  evalua¬ 
tion  of  the  validity  and  accuracy  of  the  experimental 
data  have  been  made,  and  recommended  or  provi¬ 
sional  values  have  been  generated. 
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Fig.  2.  Thermal  conductivity  of  titanium.  I.  Rosenberg  [17]:  2  and  3.  Mendelssohn  and  Rosenberg  [18]:  4  and  5.  Mikryukov  [19]:  6.  Silverman 
(20]:  7,  Deem.  Wood,  and  Lucks  [21];  8.  Krzhizhanovskii  [22];  9-11,  Loewen  [23] ;  12-14.  White  and  Woods  [24];  IS.GIadunand  Holzhauser 
[25];  16.  Davey  and  Mendelssohn  [26];  17-19.  Powell  and  Tye[27];  20.  Kuprovskii  and  Gel'd  [28];  21-25.  Zinov'ev.  Krentsis.  and  Gel'd  [29]: 
26.  Rigney  and  Bockstahler  [30];  27,  Rudkin.  Parker,  and  Jenkins  [31];  28,  Unvala  and  Goel  [253).  (15.  21-25.  and  27  have  been  derived 
from  thermal  diffusivity  measurements.) 


* 
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Two  metals,  copper  and  tungsten,  will  now  be 
treated  in  some  detail  by  way  of  illustration,  not  only 
of  the  type  of  agreement  obtained  between  the  experi¬ 
mental  and  the  derived  values  of  a,  but  of  the  useful 
purpose  served  by  these  derived  values. 

a  Copper 

Copper  is  one  of  the  metals  on  which  many 
thermal  diffusivity  measurements  have  been  made.  At 
the  time  that  this  section  was  prepared  the  TPRC  data 
files  contained  78  sets  of  experimental  thermal  dif¬ 
fusivity  data  for  copper,  and  these  cover  the  range 
200  to  1730  K.  No  measurements  had  been  recorded 
below  200  K.  To  avoid  confusion  only  12  representa¬ 
tive  sets  of  values  [34-40]  have  been  plotted  in  Fig.  3 
where  logarithmic  scales  are  used  The  spread  is 
considerable  and,  on  the  basis  of  these  measurements, 
it  would  be  very  difficult  to  predict  acceptable  values 
to  higher  or  lower  temperatures. 


Figure  4  presents  111  of  the  218  sets  of  thermal 
conductivity  data  available  for  copper  of  better  than 
99.5  percent  purity.  The  heavy  line  drawn  in  this 
figure  is  the  curve  recommended  as  most  probable 
for  a  high-purity  sample  of  this  metal  on  the  basis  of 
the  information  then  available.  The  low-temperature 
portion  of  this  curve,  T  <  100  K  approximately,  is 
strongly  dependent  on  sample  purity,  and  the  recom¬ 
mended  curve  is  for  a  well-annealed  99.999 +  percent 
Cu  sample  having  a  residual  electrical  resistivity,  p0, 
of  0.579  x  I0'9ohmcm. 

Figure  5  is  Fig.  14  of  Volume  4,  which  shows  12 
of  the  55  sets  of  data  available  for  the  specific  heat  of 
copper.  From  this  figure  and  consideration  of  data 
given  in  other  sources  [33,  41,  42],  a  specific  heat- 
temperature  curve  has  been  selected. 

Experimental  density  values  [43]  for  solid  and 
liquid  copper  are  considered  slightly  low.  Conse¬ 
quently,  the  density  d0  of  solid  copper  at  temperature 
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Fig.  3.  Thermal  diffusivity  of  copper  1-3.  Butler  and  Inn  [34] ;  4.  Sheer 
et  at  [35] :  5  and  6,  El-Hifni  and  Chao  [36] ;  7,  Sonnenschein  and  Winn 
[37]:  8.  Dennis  et  at  [38]:  9-1 1.  Sheer  et  at.  [39];  12.  Mardykin  and 
Filippov  [40].  The  dashed  curve  was  derived  from  «  =  fc/dC„. 


T0  is  taken  from  [32]  and  dT  is  derived  from  expansion 
data  [32].  The  density  of  molten  copper  at  various 
temperatures  was  selected  from  the  literature  [44-46]. 

The  thermal  diffusivity  curve  derived  from  the 
recommended  thermal  conductivity,  selected  specilic 
heat  and  liquid  density,  and  the  calculated  solid 
density,  is  shown  as  the  heavy  broken  line  in  Fig.  3. 
It  is  interesting  to  note  that  for  copper  of  the  particu¬ 
lar  purity  chosen,  the  thermal  diffusivity  increases 
one  hundred  twenty-seven  thousand  times  as  the 
temperature  decreases  from  room  temperature  to  5  K. 
This  compares  with  about  a  forty-nine-fold  increase 
in  thermal  conductivity  at  5  K,  and  about  a  sixty-two¬ 
fold  increase  at  9  K  where  the  thermal  conductivity 
attains  a  maximum  value.  In  the  experimentally  deter¬ 
mined  range  from  room  temperature  to  the  melting 
point,  the  derived  curve  lies  close  to  the  higher  experi¬ 
mental  curves  and  decreases  by  only  about  30  percent 


Considerable  uncertainty  still  exists  as  to  the  true 
thermal  conductivity  curve  for  molten  copper.  While 
this  uncertainty  must  also  be  reflected  in  the  thermal 
diffusivity  and  will  render  uncertain  the  value  near 
the  melting  point,  the  initial  temperature  coefficient, 
and  the  position  of  the  maximum,  the  general  form 
of  the  curve  must  be  much  as  shown,  since  it  is  condi¬ 
tioned  by  the  sharp  decrease  in  thermal  conductivity 
which  occurs  as  the  critical  temperature  is  approached. 
At  the  critical  temperature,  the  thermal  conductivity 
of  the  liquid  is  assumed  to  merge  toward  that  of  the 
vapor,  an  assumption  which  ignores  the  sharp  in¬ 
crease  that  is  believed  to  occur  in  a  very  narrow 
temperature  region  close  to  the  critical  point 

b.  Tungsten 

Figure  6  represents  the  main  sets  of  experimental 
thermal  diffusivity  data  available  for  tungsten.  While 


temperature,  k 


Fig.  4.  Thermal  conductivity  of  copper. 

these  extend  up  to  a  temperature  of  3234  K,  it  seems  tunately,  some  reported  values  have  proved  to  be 

that  until  quite  recently  no  determination  had  been  much  removed  from  the  truth, 

made  on  tungsten  below  407  K.  Furthermore,  this  Another  reason  for  discussing  the  results  for 

determination  is  one  of  several  due  to  Sheer  et  al.  [39]  tungsten  is  that,  because  of  its  high  melting  point, 

which  lie  very  much  below  both  the  other  determina-  tungsten  is  a  strong  candidate  for  adoption  as  a 

tions  and  the  heavy  broken  curve  derived  [13]  from  thermal  conductivity  reference  material  for  use  at 

the  curve  of  most  probable  thermal  conductivity  [14],  high  temperatures.  It  is  therefore  a  good  material  for 

Tungsten  was  chosen  as  representing  an  important  tests  by  methods  regarded  as  suitable  for  determina- 

metal  for  which  the  derived  value  of  the  thermal  tions  to  very  high  temperatures.  Consideration  of  the 

diflfusivity  at  normal  temperatures  was  much  to  be  available  results  serves  to  indicate  the  order  of  agree- 

preferred  to  the  nearest  experimental  value  available  ment  that  is  being  obtained, 

in  1968.  At  that  time  an  engineer  in  need  of  the  thermal  Figure  7  is  intended  to  show  this  more  clearly, 

diffusivity  of  tungsten  at  room  temperature  and  In  this  figure  linear  scales  are  used  and  individual 

deciding  to  use  the  value  of  Sheer  et  al.  [39]  for  points  have  been  included  both  to  indicate  the  con- 

407  K,  would  be  using  a  value  that  is  only  about  siderable  number  of  observations  furnished  by  these 

one-fifth  of  the  true  value.  This  is  indicative  of  the  methods  and  their  degree  of  scatter.  The  obviously 

caution  necessary  before  accepting  literature  values  low  data  of  Sheer  et  al.  [39]  have  been  omitted  from 

as  furnishing  equally  reliable  and  useful  data.  Unfor-  this  figure  but  the  values  derived  by  Ho  et  al.  [13] 
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from  the  relation  a  =  k/Cpd  are  again  shown  by  the 
heavy  broken  line. 

The  main  interest  centers  in  the  six  sets  of  data 
which  are  grouped  on  either  side  of  the  derived  curve. 
The  two  preliminary  values  derived  by  Pigal’skaya 
and  Filippov  [50]  at  1673  K,  from  amplitude  and  phase 
measurements  at  several  frequencies,  are,  respec¬ 
tively,  about  9  and  11.5  percent  above  this  curve  and 
most  of  the  subsequent  data  of  Pigal’skaya  et  al.  [51] 
are  within  12  percent  above.  The  other  Russian 
measurements  of  Kraev  and  Stel'makh  [47,  52]  lie 
about  a  corresponding  amount  below  the  curve  up 
to  about  2500  K  but  continue  to  diverge  and  are  about 
24  percent  below  at  3200  K.  The  values  of  Wheeler 
[48]  agree  more  closely  with  the  derived  curve  particu¬ 


larly  at  their  upper  range  of  2600  to  2900  K.  This 
order  of  agreement  is  encouraging,  particularly  as 
Pigal’skaya  et  al.  [50,  51]  used  peripheral  heating  of 
a  cylindrical  specimen,  while  the  other  measurements 
were  made  on  thin  disks  which  were  heated  on  one 
face.  Rawuka  and  Gaz  [53],  using  laser  pulse-heating 
of  a  sample  1.8  mm  thick,  obtained  a  value  at  1593  K 
which  is  about  4.5  percent  above  the  broken  curve; 
however,  nearer  1000  K.  their  values  are  some  10 
percent  below  this  curve. 

The  Battelle  Memorial  Institute  [54]  and  Atomics 
International  [54]  also  used  the  laser-flash  method. 
The  former’s  values  ranged  from  10  percent  below 
the  derived  curve  at  1270K  to  3  percent  below  at 
21 50  K.  The  three  values  due  to  Atomics  International 
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Fig.  6.  Thermal  diffusivity  of  tungsten  1-3.  Sheer  el  at  [39]:  4.  Kraev 
and  Stel'makh  [47]:  5.  Wheeler  [48]:  6.  Taylor  and  Nakata  [49]: 
7  and  8.  Pigal’skaya,  Filippov,  and  Borisov  [51]  ;9.  Kraev  and  Stel'makh 
[52]:  10.  Rawuka  and  Gaz  [*3]:  II.  Battelle  Memorial  Institute  [54], 
The  dashed  curve  was  derived  from  a  =  k/dCp.  Ho  el  at.  [13]. 


were  for  the  narrow  range  of  1757  to  1825  K  and  lie 
from  8.5  to  25  percent  below  the  derived  curve.  These 
values  tend  to  support  those  of  Taylor  and  Nakata 
[49],  reported  in  a  progress  report  and  considered 
doubtful  by  the  authors.  In  a  later  paper  Cape  el  al. 
[55]  reproduce  from  Reference  49  the  results  for 
tantalum,  but  omit  those  for  tungsten.  The  tantalum 
values  agreed  with  calculated  values  from  a  =  k/Cpd 
and  were  accepted  as  confirming  the  adopted  radial 
heat  flow  method  to  be  satisfactory  for  materials 
with  thermal  diffusivity  values  of  well  under  0.2 
cmz/sec.  This  would  rule  out  tungsten,  and  the 
method  was  subsequently  applied  for  carbides  of 
zirconium  and  tantalum. 

These  considerations  serve  to  emphasize  two  facts 
which  should  be  borne  in  mind.  Although  a  method 
may  be  checked  and  found  to  be  satisfactory  for  one 
material,  it  need  not  necessarily  be  satisfactory  for  all 


materials.  Nor  should  all  reported  data  be  accepted 
as  reliable.  The  disregarding  of  the  results  for  tungsten 
of  Taylor  and  Nakata  [49]  as  well  as  those  of  Sheer 
et  al.  [39]  are  examples  of  the  selective  assessment 
which  comes  from  a  more  detailed  study  of  available 
data,  and  such  assessment  will  not  yet  have  been  ap¬ 
plied  to  most  of  the  experimental  data  contained  in 
the  Data  Section  of  this  volume.  At  the  present  stage, 
the  aim  has  been  to  approach  completion  of  the  com¬ 
pilation  and  to  generate  recommended  values  for  the 
elements,  the  user  being  left  to  make  his  own  assess¬ 
ment  of  the  available  data  for  the  other  materials. 

D.  Thermal  DifTosivity  of  Foodstuffs  aid  Biological 
Materials 

Food  substances  and  biological  materials  consti¬ 
tute  two  important  groups  of  materials  for  which 
readers  could  expect  to  find  thermal  diffusivity  data 
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Fig.  7.  Thermal  diffusivity  of  tungsten  at  high  temperatures.  4.  Kraev  and  Stel'makh  [47]:  5.  Wheeler  [48]:  6.  Taylor  and  Nalcata  [49]:  7. 
Pigal'skaya  and  Filippov  [50]  (7a  phase  method.  7b  amplitude  method!.  8.  Pigal'skaya.  Filippov,  and  Borisov  [51]:  (8a  phase  method,  equal 
periods.  8b  phase  method,  unequal  periods.  8c  amplitude  method,  equal  periods.  8d  amplitude  method,  unequal  periods).  9.  Kraev  and 
Stel'makh  [52]:  10.  Rawuka  and  Gaz  [53]:  II.  Battelle  Memorial  Institute  [54] :  12,  Atomics  International  [54],  The  dashed  curve  was  derived 
from  a  =  k  dCp.  Flo  el  at.  [13], 


in  this  volume.  Unfortunately,  these  materials  are  dealt 
with  only  partially.  It  is  «3ly  recenth  :hat  the  TPRC 
has  been  able  to  commence  any  detailed  work  on 
these  substances,  and  much  effort  will  need  to  be 
expended  before  a  comprehensive  coverage  of  this 
information  can  be  made.  Published  values  often 
differ,  and  complete  information  regarding  such 
factors  as  the  content  of  moisture,  fat,  protein,  blood 
flow  rate,  and  so  on  of  the  sample  is  often  lacking. 
Then  again,  many  of  these  materials  have  anisotropic 
thermal  properties,  and  it  is  important  that  the  direc¬ 
tion  of  the  heat  flow  with  regard  to  muscle  and  other 
fiber  directions  be  stated. 

Chato  [56],  in  a  survey  paper  of  1966,  collected 
together  the  available  data  for  the  thermal  conduc¬ 
tivity  and  thermal  diffusivity  of  biological  materials 
and  emphasized  the  need  for  more  attention  to  be 


directed  to  this  field.  Two  Masters  theses,  dealing 
mainly  with  the  thermal  conductivity  of  foodstuffs, 
have  since  appeared.  These  are  by  Reidy  [57]  and  by 
Qashou  [58].  A  separate  report  by  Reidy  [59]  is  also 
available.  Direct  determinations  of  thermal  diffu- 
sivity  are  dealt  with  in  some  of  the  referenced  papers, 
notably  those  of  Hurwicz  and  Tischer  [60],  Dickerson 
[61],  and  of  Wadsworth  and  Spadaro  [62],  the  latter 
for  sweet  potatoes.  Qashou  [58]  also  mentions  a  paper 
by  Nix  et  al.  [63]  which  describes  a  useful  extension  to 
the  normal  heated  line-source  thermal  conductivity 
method  that  allows  simultaneous  determinations  to 
be  made  of  both  thermal  conductivity  and  thermal 
diffusivity.  See  Section  l.F  of  the  next  chapter  for 
details.  Trezek  et  al.  [64]  used  a  rather  similar  radial 
heat  flow  method  when  determining  the  thermal  dif¬ 
fusivity  of  cat  brain  tissue.  Their  technique  differed 
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in  that  the  line  source  was  suddenly  cooled  instead  of 
heated  and  that  several  thermocouples  at  increasing 
distances  from  the  source  were  used  instead  of  only 
two.  The  method  of  data  evaluation  also  differed. 
The  thermal  diffusivity  of  cat  brain  tissue  immediately 
following  death  was  found  to  be  close  to  that  of  water 
but  subsequent  changes  occurred  and  2jhr  after 
death  the  value  was  about  50  percent  lower. 

3.  RELATIONSHIP  OF  THERMAL 

DIFFUSIVITY  TO  OTHER  PROPERTIES 

As  had  already  been  explained,  a  =  kjdC  p  and 
much  of  the  motivation  for  the  determination  of  * 
has  been  that  the  relation  k  =  xdCp  provides  a 
simpler,  and  hopefully  a  more  accurate,  means  of 
deriving  k.  However,  before  k  can  be  derived  from 
this  expression,  it  is  necessary  to  know  Cp,  and  at 
times  obtaining  the  true  specific  heat  for  a  particular 
material  can  present  difficulties.  Data  for  the  specific 
heat  are  contained  in  Volumes  4, 5,  and  6  of  the  present 
series,  and  some  methods  leading  to  approximate 
values  in  cases  where  no  data  are  found  should  also 
be  noted  (see  also  the  text  of  Volumes  4,  5,  and  6). 

According  to  the  law  of  Dulong  and  Petu.  at 
about  normal  temperature,  the  atomic  heat,  which  is 
the  product  of  the  specific  heat  and  the  atomic  weight, 
is  the  same  for  all  substances  and  is  equal  to  3 R  = 
5.96  cal  g-atom  '  1  C  " 1 ,  or  close  to  25  J  g-atom  ”  1  C  “ 1 . 
An  analogous  law,  that  of  Kopp  and  Neumann, 
holds  approximately  for  chemical  compounds.  Ac¬ 
cording  to  this  law  the  molecular  heat  of  a  solid 
chemical  compound  is  equal  to  the  sum  of  the  atomic 
heats  of  the  constituent  atoms.  Many  solid  solutions 
and  alioys  behave  similarly.  Below  the  Debye  tem¬ 
peratures,  the  specific  heat  decreases  and  tends  toward 
zero  at  absolute  zero,  whereas  at  higher  tempera¬ 
tures  increases  of  up  to  about  30  percent  can  occur. 

A  reduced  plotting  of  the  ratio  of  the  specific  heat 
at  a  temperature  T  to  the  specific  heat  at  the  Debye 
temperature  0,  against  T/0 ,  obtained  by  using  avail¬ 
able  data,  can  serve  as  a  means  for  estimating  the 
specific  heats  of  similar  substances  for  which  no  data 
are  available.  A  plot  of  this  type  has  for  example  been 
used  by  Steigmeier  and  Kudman  [65]  to  derive  specific 
heat  data  at  high  temperatures  for  certain  Group 
III-V  compounds. 

At  all  temperatures  and  for  substances  for  which 
the  coefficient  of  thermal  expansion  is  known,  use 
can  be  made  of  Griineisen’s  law,  according  to  which 
for  any  one  substance  the  coefficient  of  expansion  is 
proportional  to  the  atomic  or  specific  heat.  Caution 


is  of  course  needed  in  applying  such  a  method,  particu¬ 
larly  for  materials  in  which  the  true  specific  heat  is 
augmented  by  an  anomalous  reaction  which  needs 
to  be  included. 

Awbery  [66]  examined  the  Griineisen  law  in  con¬ 
nection  with  experimental  data  obtained  for  a  series 
of  21  steels.  By  plotting  the  derived  Griineisen  con¬ 
stants  against  the  atomic  percentage  of  elements 
other  than  iron  in  each  steel,  he  showed  clearly  that 
iron  when  in  the  gamma  phase  possessed  about  a  50 
percent  greater  Griineisen  constant  than  alpha  iron. 
Another  conclusion  from  this  work  related  to  the 
values  of  the  atomic  heats  which  should  be  used  for 
the  main  constituents,  iron  and  carbon,  when  attempt¬ 
ing  to  estimate  the  atomic  heat  of  a  steel  from  its 
chemical  composition.  At  100  C  the  derived  atomic 
heats  of  alpha  iron,  gamma  iron,  and  carbon  were 
found  to  be,  respectively,  6.52,  6.93.  and  3.68 
cal  g-atom" 1  C”  '. 

So  far  in  this  section,  only  the  derivation  of  k 
from  the  product  <xdCp  has  been  considered,  but.  since 
the  ratio  k/dCp  is  also  used  to  evaluate  a.  means  for 
the  estimation  of  k  might  therefore  be  helpful.  In 
this  connection  reference  should  be  made  to  the  close 
connection  between  thermal  and  electrical  conduc¬ 
tivity  and  the  use  of  the  expressions 

k  =  LT/p  (8) 

or 

k  =  LT/p  +  C  (9) 

where  L  is  the  theoretical  Lorenz  function  with  a 
value  of  2.443  x  10~8  V2  K"2  and  p  is  the  electrical 
resistivity.  In  equation  (9)  L'  and  C  are  the  constants 
obtained  for  the  straight  lines  fitting  plots  of  the 
thermal  and  electrical  conductivity  data  for  various 
metals  and  their  alloys.  A  paper  by  Powell  [67] 
tabulates  values  of  L'  and  C  for  alloys  of  Al,  Cu,  Fe 
(both  ferrous  and  austenitic).  Mg,  Ni,  Ti,  and  Zr. 
Another  paper  by  Williams  and  Fulkerson  [68] 
should  be  consulted  for  further  details  regarding  the 
subdivision  of  the  thermal  conductivity  of  metals 
into  electronic  and  lattice  components  (see  also  the 
text  of  Volume  1  of  this  Series). 

In  the  case  of  fluids,  thermal  diffusivity  is  related 
to  the  Prandtl  number,  Pr,  and  the  kinematic  vis¬ 
cosity,  v,  by  the  equation 

a  =  v/Pr  (10) 

and  this  receives  further  consideration  in  Section  3  of 
the  third  chapter. 


Measurement  of  Thermal  Diffusivity  of  Solids 


According  to  the  nature  of  the  temperature-time 
variation  that  is  imparted  to  the  specimen  under 
investigation,  the  methods  used  for  the  measurement 
of  thermal  diffusivity  fall  into  two  main  classes : 

1.  Transient  heat-flow  methods 

2.  Periodic  heat-flow  methods 

These  methods  can  be  further  classified  accord¬ 
ing  to  the  originator  or  to  the  nature  of  the  technique 
used,  yielding  the  following : 

1.  Transient  heat-flow  methods 

A.  Long  bar,  heated  at  center  or  at  one  end 

a.  Forbes’  bar  method 

b.  Other  bar  methods 

B.  Moving  heat-source  method 

C.  Small-area-contact  method 

D.  Thermoelectric  effect  method 

E.  Semi-infinite  plate  method 

F.  Radial  heat-flow  methods,  including  line 
source 

G.  High-intensity  arc  method 

H.  Flash  methods 

a.  Flash  heating  by  xenon  lamp 

b.  Flash  heating  by  laser  beam 

c.  Flash  heating  by  electron  beam 

d.  Flash  method  applied  to  composite 
samples 

e.  Flash  method  applied  for  direct  deter¬ 
mination  of  thermal  conductivity 

I.  Electrically-heated  rod  methods 

2.  Periodic  heat-flow  methods 

A.  Angstrom's  method 

B.  Temperature  wave  velocity  method 

C.  Temperature  wave  amplitude-decrement 
method 

D.  Modified  Angstrom’s  methods 

a.  Method  of  Sidles  and  Danielson 

b.  Method  of  Abeles  et  al. 

E.  Phase-lag  methods 

F.  Thermoelectric  methods 

G.  Radial-wave  method 


H.  Cryogenic  method  of  Howling,  Mendoza, 
and  Zimmerman 

Descriptions  of  these  methods  follow,  but  those 
which  are  of  little  more  than  historic  interest  are  only 
briefly  treated. 

More  attention  is  given  to  the  flash  methods, 
modified  Angstrom’s  methods,  and  some  other 
methods  introduced  relatively  recently  which  possess 
the  merits  of  high  speed  and  considerable  freedom 
from  the  influence  of  heat  losses,  and  so  become 
valuable  methods  for  use  under  extreme  conditions, 
for  instance  at  very  high  temperatures  where  a  short 
test-time  is  often  desirable  to  avoid  heat  losses  and 
complications  due  to  any  structural  and  chemical 
changes  occurring  in  the  specimen.  Thus  at  high 
temperatures  thermal  diffusivity  determinations  are 
tending  to  supplement  and  even  to  displace  many  of 
the  steady-state  thermal  conductivity  methods.  For 
the  direct  determination  of  the  thermal  conductivity 
of  an  electrically  conducting  solid  to  high  tempera¬ 
tures,  one  of  the  most  promising  methods  is  that  of 
Taylor  et  al.  [69]  in  which  a  wire  or  rod  is  directly 
heated  by  the  passage  of  an  electric  current  (see  also 
Section  1.1).  Mention  of  the  investigation  into  this 
method  made  at  the  TPRC,  but  mainly  in  relation  to 
thermal  conductivity,  is  most  appropriate  since  the 
apparatus  used  and  the  test  procedure  developed  have 
been  shown  by  Powell  and  Taylor  [70]  to  be  capable 
of  producing  values  for  a  dozen  or  so  properties  for 
the  one  temperature-equilibriated  specimen,  includ¬ 
ing  those  from  which  the  thermal  diffusivity  can  be 
derived. 

The  equation  for  a  long  thin  rod  of  density  d  and 
cross-sectional  area  A,  heated  in  an  enclosure  at 
temperature  T0  by  a  current  /,  to  have  temperature  T 
at  location  Z  and  time  t  is 
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where  p  is  the  perimeter,  a  the  Stefan-Boltzmann 
constant,  and  k,  p,  eH,  p,  and  Cp,  the  thermal  conduc¬ 
tivity,  electrical  resistivity,  total  hemispherical  emit- 
tance.  Thomson  coefficient,  and  specific  heat  at 
constant  pressure,  are  functions  of  temperature. 

In  the  work  so  far  described  [69,  70]  temperature 
profiles  have  been  measured  for  the  equilibrium  condi¬ 
tion  in  which  the  term  on  the  right-hand  side  of 
equation  (11)  is  zero.  For  this  condition,  and  using 
different  sample  lengths,  these  workers  show  that  in 
the  case  of  tungsten  evaluations  can  be  made  to  2700  K 
for  electrical  resistivity  to  well  within  1  percent,  total 
hemispherical  and  spectral  emissivity  to  within  2 
percent,  and  the  thermal  conductivity  to  well  within 
5  percent.  The  Thomson  coefficient  is  also  evaluated. 

In  later  work  provision  will  be  made  to  include 
measurements  of  the  thermal  expansion  during  this 
steady-state  experiment  for  a  long  rod  by  direct 
observation  of  the  distance  between  two  fiducial 
markers  attached  to  the  rod.  This  will  allow  d  to  be 
determined  as  a  function  of  T.  Also  the  specific  heat 
will  be  determined  for  a  variable  state  experiment  in 
which  dT/dt  is  observed  for  the  original  temperature 
obtained  with  current  /,  when  the  long  rod  is  heated 
by  a  different  current  I2  and  passes  through  this 
temperature.  Then 


p(fj-/j) 
p  d  A1  (dT/dt) 


(12) 


The  thermal  diffusivity  is  then  obtainable  from 
the  relation  a  =  kdCp. 

In  other  instances,  and  especially  for  very  thin 
coatings  and  for  electrical  nonconductors,  resort  to 
a  thermal  diffusivity  determination  by  one  of  the 
methods  described  in  Sections  l.H  or  2.D  is  probably 
best,  with  the  thermal  conductivity  then  derived  from 
k  =  adCp. 


1.  TRANSIENT  HEAT-FLOW  METHODS 

A.  Long  Bar  Heated  at  Center  or  at  End 

a.  Forbes'  Bar  Method 

The  method  introduced  by  Forbes  [71,  72]  about 
a  century  ago  for  determining  the  thermal  conduc¬ 
tivity  of  a  wrought  iron  bar  is  a  two-part  experiment 
which  actually  yields  the  thermal  diffusivity.  The  first 
is  a  steady-state  experiment  in  which  the  temperature 
profile  is  determined  for  a  horizontal  bar  when  heated 
at  one  end  by  being  brought  into  contact  with  a  molten 
metal  bath ;  the  rest  of  the  bar  is  unheated  and  wrapped 


with  thermal  insulation.  In  the  second  experiment  a 
cooling  curve  is  obtained  for  the  same  bar  after  being 
uniformly  heated  to  the  bath  temperature  and  then 
exposed  to  the  same  ambient  conditions  as  in  the 
previous  experiment. 

From  the  heat-flow  equations  for  the  two  experi¬ 
ments,  and,  making  the  assumption  that  the  rate  of 
heat  loss  from  an  element  of  the  rod  at  a  particular 
temperature  is  the  same  when  the  temperature  is 
uniform  as  when  a  gradient  is  imposed,  it  is  deduced 
that 


Hence  the  original  work  of  Forbes  actually  gave 
k/dCp,  and  was  multiplied  by  the  product  dCp  to 
give  the  thermal  conductivity,  k. 

A  comment  appears  to  be  appropriate.  This  is  to 
mention  that  workers  who  subsequently  used  this 
method,  notably  Bidwell  [73,  74]  and  his  associates 
[75,  76],  clearly  regarded  the  Forbes’  bar  method  as 
being  used  for  the  determination  of  k  and  not  a.  In 
their  later  modifications  [75, 76]  the  quantities  density 
and  specific  heat  do  not  even  appear,  since,  by  heat¬ 
ing  the  sample  rod  electrically  to  an  approximately 
uniform  excess  temperature,  the  thermal  conduc¬ 
tivity  of  the  surrounding  insulation  was  derived.  This 
modification  allowed  evaluation  of  the  loss  of  heal 
between  the  two  locations  at  which  the  temperature 
gradients  were  observed  and  enabled  k  to  be  directly 
calculated. 

b.  Other  Bar  Methods 

Before  moving  on  to  consider  other  transient 
methods,  it  seems  appropriate  to  mention  the  method 
used  by  Ingersoll  and  Koepp  [77]  for  thermal  diffusi¬ 
vity  determinations  on  soils  and  by  Frazier  [78-80] 
for  determinations  on  nickel  and  zinc.  In  this  method 
a  sudden  temperature  change  was  made  at  one  end  of 
a  rod  of  uniform  cross  section  and  initially  in  thermal 
equilibrium  with  its  surroundings.  The  thermal  dif¬ 
fusivity  was  obtained  from  measurement  of  the  rate  of 
change  of  the  temperature  difference  between  two 
properly  chosen  points  on  the  rod.  The  treatment 
assumes  no  lateral  heat  exchange  from  the  rod  so  a 
guard  tube  is  required.  In  this  respect  it  resembles 
the  set-up  and  method  used  more  recently  by  Kennedy 
[81]  as  shown  in  Fig  8.  Kennedy's  technique  also 
requires  the  temperature  profiles  to  be  observed  in  a 
rod  following  the  application  of  heat  to  one  end.  In 
this  method  use  is  made  of  a  high-speed  computer  to 
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Fig.  8.  Kennedy's  method  using  guarded  sample  [81], 


solve  the  one-dimensional  equation  (3)  with  boundary 
conditions  applying  to  a  finite  rod.  The  surrounding 
guard  tube  is  fabricated  from  the  same  block  of 
material  as  the  sample  and  the  heater  is  common  to 
both.  Three  thermocouples  are  attached  to  the  sample 
at  equally  spaced  intervals.  After  the  heat  is  applied, 
the  reading  of  each  thermocouple  is  recorded  as  a 
function  of  time.  The  temperatures  at  the  two  outer 
thermocouples  determine  the  boundary  conditions 
for  the  heat-flow  equation,  which  is  then  solved  for 
the  midpoint  temperature  by  assuming  various  values 
of  the  thermal  diffusivity.  The  calculated  tempera¬ 
tures  are  then  compared  with  the  measured  value  in 
order  to  determine  which  value  of  a  best  describes 
the  thermal  behavior  of  the  sample.  The  squared 
mean  error 


Jones  and  Chisholm  [85]  have  described  an 
end-cooling  method,  specifically  a  modification  of 
the  Jominy  end-quench  test  normally  employed  for 
hardenability  studies  on  steels  and  therefore  a  method 
which  can  be  applied  in  most  steel  laboratories.  For 
the  diffusivity  measurement  the  test  samples,  which 
are  2.5  cm  in  diameter  and  10  cm  in  length,  are  brought 
to  a  uniform  temperature  of  about  100  C  and  the  lower 
end  is  quenched  in  water.  A  fine-wire  thermocouple 
is  welded  a  known  distance  L,  of  about  4  cm,  above 
the  quench  level,  and,  following  the  quenching,  the 
time  is  observed  for  it  to  attain  the  mean  temperature 
between  the  initial  bar  and  water  temperatures.  The 
authors  show  how  the  thermal  diffusivity  can  be 
derived  to  a  relative  accuracy  of  about  ±2  percent 
from  L  and  observations  of  this  half-temperature 
time.  Corrections  can  be  made  for  side  losses,  but 
these  have  only  about  a  1  percent  effect  on  the  thermal 
diffusivity  for  the  cases  studied. 


B.  Moving  Heat-Source  Method 


The  theory  of  this  method,  which  stems  from 
temperature  observations  made  by  Bornefeld  [86] 
during  fusion  welding,  has  been  developed  by 
Rosenthal  [87]  and  applied  by  Rosenthal  and  others 
[88,  89]  for  determinations  on  copper  and  some 
aluminum  alloys.  On  the  assumption  that  the  heated 
surface  loses  heat,  hT,  according  to  Newton's  law  of 
cooling,  except  at  the  location  of  the  small  heat 
source,  then,  if  r  is  the  velocity  of  the  source  and  T  the 
temperature  rise  of  any  point  in  the  bar  above  its 
surroundings,  the  relevant  differential  equation  is 


1  d2T  £  rffln  k)ldT\ 2 
v1  dt 2  +  v2  dT  \  dt 


1  dT  ,.T- 

— j — I-  hT 
a.  dt 


(15) 


s2=t  ef/n  (14) 

i=  i 

is  computed  over  the  time  range  0  <  t  <  tmn  for 
each  trial  value  of  thermal  diffusivity,  the  parameter 
(j  being  the  difference  between  the  computed  and 
observed  temperatures  for  the  middle  thermocouple 
for  a  particular  time  t(.  The  value  of  a  which  makes 
the  squared  mean  error  a  minimum  is  assumed  to  be 
the  best  estimate  of  the  thermal  diffusivity.  The 
method  has  been  used  by  Kennedy  [81]  to  measure 
the  diffusivity  of  Armco  iron.  It  has  been  also  applied 
by  Kennedy  et  at.  [82],  and  by  Shanks  et  al.  [83,  84] 
to  measure  the  diffusivity  of  Armco  iron  and  silicon. 
The  measurements  on  silicon  extended  to  1400  K. 
As  was  shown  by  Kennedy,  methods  of  this  type  can 
readily  be  programmed  for  computer  data  reduction. 


So  long  as  k  varies  slowly  with  T  the  second  term  can 
be  omitted  giving 


1  d2T  1  dT 
— r  =  -  —  +  /iT 
t’2  dt 2  a  dt 


(16) 


which  is  satisfied  by  T  =  B  exp (/DT).  and  yields 


-  h  =  0 


(17) 


/?  is  a  function  of  both  T  and  v.  By  obtaining  two 
different  values  /?,  and  for  the  same  interval  of 
temperature,  but  for  two  different  velocities,  r,  and  r2, 


«=(/?. 

l>i/  V2 1  J 


(18) 


A  fundamental  difficulty  of  this  method  would  appear 
to  involve  obtaining  a  satisfactory  point  source. 
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C.  Small-Area-Contact  Method 


D.  Thermoelectric  Effect  Method 


A  method  has  been  used  by  Cutler  [90]  for  ther¬ 
mal  diffusivity  measurements  on  germanium  which 
possesses  similarities  to  the  necked-down-sample 
method  used  for  determinations  of  thermal  conduc¬ 
tivity  (see  Volume  1).  This  is  the  so-called  small-area- 
contact  method,  and  in  this  instance  the  heat  flow 
into  the  sample  occurs  at  the  small  area  where  a  wire 
is  joined  and  serves  as  a  current-carrying  electrode. 
In  the  necked-down-sample  method,  only  one  metal 
is  involved  and  the  length  and  diameter  of  the 
constricted  region  is  made  sufficiently  small  to  render 
negligible  any  radiation  or  other  lateral  heat  losses. 
Under  these  conditions,  the  maximum  temperature 
rise  of  the  constriction  T„  due  to  the  passage  of  an 
electric  current  is  a  function  only  of  K  the  voltage 
drop  across  it,  and  of  the  electrical  and  thermal 
conductivities  of  the  material.  Hence  the  ratio  k/o, 
and  therefore  the  Lorenz  function,  k/aT,  can  be 
evaluated  in  terms  of  Tm  and  K  and  no  knowledge  of 
sample  dimensions  is  necessary.  This  was  the  method 
of  Hopkins  [91]  and  Hopkins  and  Griffith  [92].  By 
treating  the  sample  as  a  resistance  thermometer,  Tm 
can  be  derived  from  the  temperature  coefficient  of 
resistance.  This  additional  knowledge  enabled  Holm 
and  Stormer  [93],  Cutler  et  al.  [94],  and  Flynn  and 
O’ Hagan  [95]  to  derive  values  of  the  thermal  con¬ 
ductivity. 

Cutler  [90]  has  considered  the  additional  thermo¬ 
electric  heating  introduced  when  the  contact  is  made 
with  dissimilar  metals,  and  the  two-part  method  which 
he  employed  to  determine  the  thermal  diffusivity  of 
germanium  involved  first  the  measurement  of  the 
power  P  required  to  maintain  steady  conditions  for 
the  determination  of  k ,  and  then  switching  off  this 
power  and  observing  the  time  variation  of  the  tem¬ 
perature  of  the  contact  as  indicated  by  the  recording 
of  the  residual  thermoelectric  voltage.  The  tempera¬ 
ture-time  decay  curve  for  a  hemispherical  contact  of 
radius,  r,  is  then  given  by 

(i” 


As  at/r 2  is  made  small  and  much  less  than  1,  equation 
(19)  reduces  to 


mo  = 


p 

2nkinouy12 


(20) 


A  rather  similar  method  to  the  above,  but  for  a 
short  sample  of  length  x  and  of  uniform  diameter, 
was  used  by  Herinckx  and  Monfils  [96]  and  by  Pinnow 
et  al.  [97]  to  measure  the  thermal  diffusivity  of  bis¬ 
muth  telluride  and  other  semiconducting  materials. 
In  order  to  ensure  uniform  current  distribution,  the 
ends  of  the  sample  are  nickel  plated  and  wires  to 
serve  as  either  current  or  potential  leads  are  spot 
welded  to  the  plated  ends.  The  passage  of  an  electric 
current  through  the  sample,  when  this  is  suspended 
in  an  evacuated  enclosure,  heats  the  specimen  to  a 
small  excess  temperature.  At  time  t  =  0  a  switch  is 
thrown  which  breaks  the  current  circuit  and  connects 
the  leads  from  the  specimen  to  a  potential  recorder. 
The  potential  difference  between  the  leads  is  propor¬ 
tional  to  the  temperature  difference  and  this  decays 
exponentially  with  time.  It  is  shown  that  for  a  small 
temperature  interval,  in  which  a  can  be  assumed  to 
be  constant,  a  plot  of  log  AT(t)  against  t  yields  a 
straight  line  of  slope  s,  and  a  is  calculated  from  the 
equation 


E.  Semi-Infinite  Plate  and  Related  Methods 

The  term  “semi-infinite”  has  been  used  by  mathe¬ 
maticians  to  define  a  sample  in  which  one-directional 
flow  of  heat  normal  to  the  surface  can  be  ensured.  In 
practice,  by  suitable  thermal  guarding  to  achieve  the 
required  boundary  conditions,  quite  small  areas  and 
thicknesses  can  often  approximate  to  this  require¬ 
ment.  The  familiar  guarded-plate  method  and  many 
other  steady-  and  variable-state  methods  relate  to  a 
sample  of  this  kind.  Consider  such  a  sample  of  thick¬ 
ness  L  to  be  adiabatically  insulated  over  the  face 
x  =  0  and  heated  uniformly  by  radiation  or  some 
other  means  over  the  other  face  x  =  L,  from  time 
t  =  0.  Then,  if  H  is  the  absorbed  energy,  the  tempera¬ 
ture  distribution  T  at  position  x  and  time  t  is  given  by 

_  _  HL[ txt  3xJ  -  L1  2  ®  (—  If 

r-r»  +  x[p  +  -«7 - ?.?,V 

nnx 

x  cos  —  exp  - 


The  method  maintains  the  merit  of  the  necked- 
down-sample  method  in  that  the  radiation  losses 
from  the  small  heated  area  are  relatively  small. 


where  T0  is  the  initial  temperature  of  the  slab. 

After  a  time  greater  than  0.54  LJ/a,  which  is  suffi¬ 
cient  for  the  series  term  of  equation  (22)  to  be 
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Fig.  9.  Temperature-lime  curves  for  a  plate,  after  uniform  heating  is  applied  to  one  face 
(methods  of  Sonnenschein  and  Winn  [37]  and  Butler  and  Inn  [34]). 


i 


neglected. 


T  = 


T0  + 


HLf m  3x2  -  L2' 

~r[p +  6L2 


(23) 


and  the  temperature-time  curve  as  shown  in  Fig.  9 
becomes  linear  for  all  values  of  x. 

This  equation  gives  the  so-called  long-time 
solution  from  which  the  following  three  experimental 
treatments  have  been  suggested  for  the  derivation  of 
a,  none  of  which  requires  any  determination  of  the 
absorbed  heat  flux,  H. 


a.  Method  Based  on  Relaxation  Time 

If  t,  is  the  intercept  on  the  axis  when  T  =  T0, 
equation  (23)  gives 

tr  =  (L2  -  3x2)/6a  (24) 

The  quantity  t ,  is  the  so-called  relaxation  time  defined 
as  the  time  interval  from  the  time  of  application  of 
heat  source  H  to  the  intercept  with  the  time  axis  of 
the  negatively  extrapolated  linear  portion  of  the 
temperature-time  curve  for  the  particular  location,  x. 

Of  special  interest  is  the  case  when  x  =  0,  that 
is,  when  the  temperature  change  is  measured  at  a 
point  in  the  remote  insulated  face.  In  this  case, 

a  =  L2/6tr  (25) 

This  method  is  the  single-point  relaxation-time 
method  that  has  been  used  by  Sonnenschein  and  Winn 
[98]  to  determine  a  for  several  materials,  including 
Armco  iron,  to  temperatures  of  about  1000  C. 

As  they  point  out,  this  measurement  has  been 
reduced  to  quite  a  simple  nondestructive  type  test 


for  samples  that  are  thin  but  for  which  L  is  accurately 
known.  Providing  that  arrangements  are  made  to 
heat  the  exposed  face  uniformly,  all  that  is  necessary 
is  a  temperature  sensor  of  low  heat  capacity  such  as 
a  fine-wire  thermocouple  held  in  good  thermal 
contact  with  the  adiabatically  insulated  face. 


b.  Method  Based  on  Time  Interval 


Differentiation  of  equation  (23)  with  respect  to  t, 
yields  the  same  slope 


dT  Hot  H 
~dt  =  Lk~  dCpL 


(26) 


for  all  values  of  x.  Thus,  if  H  is  known,  the  specific 
heat  can  be  evaluated,  while,  by  making  tempera¬ 
ture  observations  at  two  positions  x,  and  x2,  and 
noting  the  time  interval,  t,  —  r2,  for  equal  tempera¬ 
tures,  then  a  is  given  independently  of  H  by  the 
equation 


*  =  (x?  —  xDAr,  -  t2)  (27) 


c.  Method  Based  on  Ratio  of  Slope  to  Temperature 
Difference 

Again  by  using  the  foregoing  observations,  but 
noting  the  temperature  difference  T,  -  T2  at  any 
time  for  which  there  is  a  linear  temperature  rise  for 
two  locations  xt  and  x2,  then 


(dT/dt)(x2  -  x2) 
2fT,  -  T2) 


(28) 


This  last  is  the  method  used  by  Butler  and  Inn 
[99]  for  determinations  on  copper,  and  some  alloys 
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of  iron,  aluminum,  titanium,  and  magnesium.  Tem¬ 
peratures  of  the  order  of  1000  C  were  reached  by 
heating  with  radiant  energy  from  a  high  intensity  arc. 

The  same  principle  has  been  used  by  Smith  [100] 
to  obtain  thermal  diffusivity  data  to  1600  F  for  much 
poorer  conducting  samples  of  spacemetal.  This  is  a 
thin  cellular  panel  formed  in  301  stainless  steel. 
Smith  mounted  back  to  back  two  similar  panels  each 
of  thickness  L  and  arranged  for  the  exposed  faces  to 
be  heated  at  equal  rates  by  two  power-regulated 
batteries  of  quartz  lamps.  Attached  differentially 
connected  thermocouples  measured  the  constant 
temperature  difference  AT  established  for  the  linear 
temperature  rise  condition.  The  thermal  diffusivity 
was  then  given  by 


(< dT/dt)L 2 
2AT 


(29) 


Smith  referred  to  the  above  as  a  single  sandwich 
method  as  he  also  used  a  double  sandwich  modifica¬ 
tion  in  which  the  two  test  panels  were  place  between 
two  outer  layers  of  another  material  having  known 
thermal  properties.  By  adopting  this  procedure  it 
became  possible  to  evaluate  the  product  dC„  for  the 
unknown  test  material  and  hence  to  determine  its 
thermal  conductivity  from  the  observed  thermal 
diffusivity.  Determinations  were  made  by  Smith  on 
laminated  phenolic-asbestos  materials  under  con¬ 
sideration  for  use  as  missile  nose  cones,  with  transite 
as  the  known  material. 


d.  Comparative  Method 

One  of  the  earlier  of  the  more  modern  attempts 
to  develop  a  transient  method  that  would  enable  a 
thermal  diffusivity  value  to  be  obtained  from  simple 
observations  lasting  only  about  half  a  minute  was 
that  of  Hsu  [101],  This  method  requires  two  identical 
sets  of  standard  and  test  plates.  The  chosen  standard 
was  a  nickel  cylinder,  2.5  in.  in  diameter  and  3  in.  in 
length  of  known  density,  specific  heat,  and  thermal 
conductivity.  The  test  plates  were  of  the  same  diameter 
and  2  to  10  mm  in  thickness  depending  on  the  order 
of  thermal  diffusivity  to  be  measured.  By  using  a 
graphite  paste  insert,  a  test  and  standard  sample  is 
brought  into  good  thermal  contact  and  a  thermo¬ 
couple  is  mounted  centrally  at  the  interface.  One  of 
these  combined  units  is  kept  at  room  temperature 
and  the  other  is  heated  to  attain  a  uniform  tempera¬ 
ture.  The  two  units  are  then  forced  together  with  the 
two  test  samples  contacting  each  other.  A  high 
pressure  and  graphite  paste  are  used  to  improve  the 
thermal  contact,  and  the  alignment  is  such  as  to 


bring  the  full  faces  of  the  test  samples  into  contact. 
The  ensuing  transient  temperatures  are  measured  at 
certain  times,  say,  5  and  25  sec  after  contact,  by  the 
thermocouples  located  between  the  test  and  standard 
specimens.  For  the  theory  and  methods  of  evaluating 
the  thermal  diffusivity,  the  papers  of  Hsu  [101,  102] 
should  be  consulted.  Hsu  made  determinations  on 
steel  and  considered  the  values  to  be  good  to  about 
±  3  percent.  The  assumption  is  made  that  the  contact 
is  perfect  and  that  the  temperature  of  the  contacted 
surfaces  changes  instantly  to  a  common  mean  value. 
This  method  can  be  regarded  as  a  precursor  of  the 
method  due  to  Parker  et  al.  [103]  in  which  the 
instantaneous  change  in  the  surface  temperature  of 
a  sample  is  promoted  by  a  flash  of  high-intensity 
radiation  (see  Section  l.H). 

e.  Methods  for  Poor  Thermal  Conductors 

Methods  of  the  semi-infinite  plate  type  have  also 
been  used  for  determinations  on  samples  of  low 
thermal  conductivity  intended  for  use  as  thermal 
insulation.  One  advantage  of  such  variable-state 
methods  over  the  more  conventional  steady-state 
method  has  been  that  the  appreciable  reduction  in  the 
test  time  would  help  in  reducing  errors  associated 
with  moisture  migration  in  any  test  materials  having 
significant  moisture  content. 

A  method  proposed  by  Vernotte  [104]  was  used 
by  Clarke  and  Kingston  [105, 106]  for  determinations 
on  woods.  The  required  boundary  conditions  were 
met  by  placing  eight  similar  test  slabs  in  a  pile  and 
weaving  a  heating  strip  of  copper  foil  having  a  width 
equal  to  that  of  the  slabs  between  each  successive 
pair  of  slabs.  A  thermocouple  with  the  smallest  pos¬ 
sible  heat  capacity  was  located  at  the  central  point 
between  the  two  middle  slabs,  the  location  of  the 
required  nonconducting  plane,  and  was  used  to 
record  the  change  in  temperature  with  time.  Methods 
of  this  type  have  since  been  used  by  Krischer  and 
Esdom  [107],  Harmathy  [108],  and  Pratt  and  Ball 
[109]  whose  paper  included  good  accounts  of  their 
method  and  of  the  relevant  equations.  Pratt  and  Ball 
were  interested  in  building  constructional  materials 
and,  by  intercomparing  these  results  with  others 
obtained  for  the  same  samples  by  the  steady-state 
method,  concluded  that  the  variable-state  method, 
taking  only  about  5  minutes,  yielded  results  of  only  a 
little  lower  accuracy  than  the  normal  steady-state 
methods  which  require  a  few  hours. 

Levine  [110]  and  later  Paladino  et  al.  [Ill]  con¬ 
sidered  the  radiant  heating  of  bodies  of  other  geo¬ 
metric  forms  and  developed  a  method  for  determining 
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the  thermal  diflusivity  of  a  cylindrical  sample  of 
alumina  in  the  temperature  range  1500  to  1800C. 


f.  Methods  for  Glasses  and  Ceramics 

A  modified  version  of  the  semi-infinite  plate 
method  was  introduced  by  Plummer  et  al.  [112]  to 
measure  to  high  temperatures  the  thermal  diflusivity 
of  glasses,  glass  ceramics,  and  magnesia  and  alumina 
ceramics.  Their  temperature  measurements  were 
restricted  to  observations  for  x  =  0  and  x  =  L  and 
were  actually  made  in  the  flat  faces  of  the  bounding 
heater  and  sink.  Hence,  good  thermal  contact  is 
essential  between  these  surfaces  and  the  plane  surfaces 
of  the  test  sample.  When  heated  by  a  constant  energy 
flux,  H,  the  temperature  rise,  AT]  for  such  a  system  is 
given  by 

2H  l  x  \ 

AT  =  —  Jot  ierfc — ==)  (30) 

k  \2v/*t/ 

Hence  the  ratio  of  the  temperature  rise  for  the  two 
observed  locations  is 


AT(L) 

AT(o) 


(31) 


By  evaluating  this  ratio  in  terms  of  Jn  times  the  inte¬ 
grated  error  function  for  a  series  of  values  of 
L/2y/at,  a  curve  can  be  drawn  from  which  at  can  be 
evaluated  from  the  experimentally  determined  ratios 
for  particular  values  of  t. 


F.  Radial-Heat  Flow  Method 

If  the  outer  surface  of  a  long  hollow  cylindrical 
specimen  of  internal  and  external  radii,  r,  and  r2,  is 
heated  at  a  constant  rate,  then  the  temperature  dif¬ 
ference  T2  —  T,  established  between  r2  and  r,  is 

1321 

This  equation  assumes  that  the  specimen  is  isotropic 
and  homogeneous,  with  a  independent  of  T.  It  also 
assumes  8T/6t  to  be  constant  and  that  there  is  no 
internal  loss  of  heat,  so  that  dT/dt  is  zero  when 
r  —  r  j. 

Fitzsimmons  [113]  descri  bed  a  method  of  measur¬ 
ing  thermal  diflusivities  in  which  long  solid  cylinders 
are  heated  or  quenched  by  rapid  immersion  in  a 
well-stirred  fluid,  and  the  subsequent  temperature 
changes  at  the  center  of  the  rod  were  observed. 

Equation  (32)  was  the  basis  of  a  rather  better 
controlled  method  described  by  Flieger  and  Ginnings 


[114]  and  by  Flieger  et  al.  [115]  with  the  difference 
that  the  two  radii  r2  and  r,  at  which  temperatures  are 
observed  were  located  within  the  body  of  a  hollow 
cylinder  of  inner  radius  r0.  Then  the  appropriate 
equation  becomes 


a  = 


_J _ STV\  2 

2 (T2  -  T,)  et  [2  2 


(33) 


Small  changes  in  the  radial-flow  method  were 
made  by  Lehman  [116]  and  later  by  Cape  and 
Taylor  [117],  Taylor  and  Nakata  [49],  and  Cape. 
Lehman,  and  Nakata  [55], 

In  Lehman's  method  the  cylindrical  sample  was 
placed  within  a  heated  enclosure  and  fitted  with  end 
guards  to  ensure  that  all  heat  flowed  radially  in¬ 
wards.  The  sample  was  heated  rapidly  by  a  constant 
source  of  power  and  temperatures  were  measured, 
either  by  thermocouples  or  by  an  optical  pyrometer, 
at  the  bottom  of  two  holes  drilled  axially  to  the 
longitudinal  center  of  the  sample  with  radii  of  r,  and 
r2.  For  times  sufficiently  long  for  a  linear  rate  of 
temperature  increase  to  be  established 


a  = 


(34) 


where  r2  —  r,  is  the  time  interval  between  the  attain¬ 
ment  of  a  specific  temperature  at  r2  and  r, . 

After  Lehman  had  successfully  used  the  method 
for  Armco  iron,  the  method  was  further  modified 
by  Cape  and  Taylor  [117],  These  later  investigators 
[49,  54,  117]  located  the  temperature  observation 
holes  to  make  r,  =  0  and  r2  =  r/yj 2,  where  r  is  the 
radius  of  the  sample.  Then, 


_2 


By  using  a  rapid-response  automatic  optical 
pyrometer,  a  was  determined  to  high  temperatures 
for  several  materials,  including  tantalum,  tungsten, 
and  the  carbides  of  tantalum,  titanium,  zirconium, 
and  hafnium.  As  mentioned  previously  in  Section 
2,C.b  of  the  last  chapter,  the  method  did  not  prove 
suitable  for  tungsten,  owing  to  the  high  value  of  a. 

G.  High-Intensity  Arc  Method 

This  is  the  method  developed  by  Sheer  et  al. 
[35,  39]  and  used  to  measure  the  thermal  diflusivity 
of  copper,  graphite,  molybdenum,  and  tungsten. 
Cylindrical  specimens  were  thermally  insulated  except 
for  one  flat  face  which  was  heated  directly  and  by 
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radiation  from  the  plasma  of  the  tail-flame  of  an 
electric  arc.  While  heated  in  this  way,  temperatures 
were  recorded  of  a  thermocouple  located  in  each  of 
two  holes  drilled  normal  to  the  axis  at  specific  loca¬ 
tions  along  the  length  of  the  specimen.  For  a  per¬ 
fectly  insulated  specimen,  the  thermal  diffusivity  is 
derived  from 


4dT/dt) 
(i BT/Sx ) 


(36) 


where  x  is  the  mean  distance  of  the  two  thermo¬ 
couples  from  the  unheated  back  face,  and  dT/dt  and 
dT/dx  are  obtained  from  the  recorded  temperature¬ 
time  curves  and  the  distance  separating  the  two 
thermocouples.  Further  temperature-time  curves 
taken  during  cooling  and  with  the  arc  removed,  allow 
the  cooling  rate  ( dT/dt)c  to  be  evaluated.  The  thermal 
diffusivity  is  then  determined  to  a  closer  approxima¬ 
tion  from  the  equation 


dx 


T(x,0),  then  the  temperature  T(x,  r )  at  any  time,  t, 
after  receiving  the  flash  at  t  =  0,  is  given  by 


T(x,  0)  dx  +  T  £  exp 

*-*  ■  =  I 


nnx  [L  nnx 

x  cos  — - 1  T(x,  0)  cos  dx 
L  J0  ^ 


Assuming  the  pulse  of  energy,  Q,  to  be  instantaneously 
and  uniformly  absorbed  in  a  small  depth  g  at  the 
surface  x  =  0,  then,  at  that  instant,  the  temperature 
distribution  is 


T(x,  0)  =  Q/dcg  for  0  <  x  <  g 
T(x,  0)  =  0  for  g  <  x  <  L 


For  these  initial  conditions  equation  (38)  becomes 

r,x.o-Ari  +  2f 

dcLl  L  (nng/L) 


- n2n 2  H 

tHJ 


For  opaque  materials,  g  is  sufficiently  small  for 
sin(rt7tg/L)  *  nng/L.  and  with  this  approximation  the 
temperature  at  the  rear  face  becomes 


An  previously  indicated,  the  results  obtained  for 
tungsten  by  this  method  are  much  too  low. 

H.  Flash  Methods 

A  very  simple  method  for  the  determination  of 
thermal  diffusivity  is  one  in  which  a  sample  in  the 
form  of  a  small  disk  is  brought  to  a  steady  uniform 
temperature  in  a  suitable  furnace  or  cryostat.  A  flash 
of  thermal  energy  is  then  supplied  to  the  front  surface 
of  the  sample  within  a  time  interval  which  is  short 
compared  with  the  resulting  thermal  transient  for 
which  temperatures  are  observed  on  the  back  surface. 
This  method  has  become  very  popular  since  it  was 
first  described  in  1960  by  Parker  et  al.  [103].  Quite 
small  samples  can  be  used  and  heating  of  the  front 
face,  x  =  0,  has  been  by  xenon  lamps,  solid-state 
laser,  and  electron  beams.  The  energy  absorption  is 
maximized  by  blackening  the  exposed  surface.  Sen¬ 
sitive  recording  apparatus  is  used  to  give  the  tem¬ 
perature  of  the  rear  face,  x  =  L,  as  a  function  of 
time,  and  heat-losses  are  minimized  by  making  the 
measurements  in  a  time  so  short  that  little  cooling 
can  occur. 

According  to  Carslaw  and  Jaeger  [3],  if  such  a 
sample  has  a  steady  initial  temperature  distribution, 


Equation  (40)  indicates  the  maximum  temperature  of 
the  rear  face  to  be 


=  JL 

dcL 


(41) 


and  hence,  at  any  time,  t,  the  rear  face  will  rise  to  a 
fraction  of  its  maximum  rise  which  is  given  by 


^-=1  +2  £  (-irexp| 

ML  max)  a=  1 


(42) 


Two  convenient  means  have  been  proposed  for 
the  determination  of  at  from  equation  (42). 

When  TiLj)/T{Lm%x)  =  1/2,  the  dimensionless 
quantity  n2tt t/L2  has  a  value  of  approximately  1.37, 
and  then 


1.37  L2 
*2f|,2 


0.139  L2 
*1/2 


(43) 


where  tv2  is  the  time  required  for  the  rear  surface  to 
attain  half  its  maximum  increase  in  temperature.  Of 
course,  the  assumption  has  been  made  that  no  loss 
of  heat  occurs,  and  the  effect  of  any  neglected  heat 
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loss  will  increase  with  time  and  will  tend  to  reduce 
T 

1 L  max  • 

The  second  method  allows  the  observations  to 
be  restricted  to  shorter  times.  It  requires  the  tem¬ 
perature-time  curve  to  be  determined  at  the  rear 
face  for  a  time  sufficient  for  the  linear  rate  of  rise  to 
become  established.  As  illustrated  in  Fig.  10,  it  can 
be  shown  that  this  straight  line  portion  extrapolates 
back  to  give  the  initial  temperature  at  a  time,  t,, 
where  f,  =  0.48  L2/it2a  and  hence 


where  t,  is  the  time-axis  intercept  of  the  linear  extra¬ 
polation. 

It  must  be  appreciated  that  this  method,  in 
which  a  strong  energy  pulse  is  concentrated  in  a  very 
thin  surface  layer,  first  causes  an  appreciable,  almost 
instantaneous,  temperature  increase  in  this  thin 
layer.  Then,  as  heat  is  conducted  toward  the  rear  face, 
the  temperature  of  the  front  face  must  decrease  until  it 
reaches  TLmMX,  when  the  sample  will  be  at  a  uniform 
temperature.  These  temperature  variations  promote 
questions  regarding  the  maximum  front  surface 
temperature,  7},  and  the  effective  temperature,  Te,  to 
which  the  measurement  of  a  should  be  assigned. 
Both  questions  were  dealt  with  by  Parker  et  al.  [103], 
who  concluded  that  to  a  fair  approximation 

=  38  LTtlMX a’0  5  (45) 

Te  =  1-6  TLmx  (46) 

For  a  copper  sample  tested  by  Parker  et  al.  [103]  L 
was  0.312  cm,  for  which  equation  (45)  would  indicate 
7}  to  be  about  20  K.  In  the  case  of  titanium,  despite 


Fig.  10.  Flash  method  of  Parker  it  al.  [103];  dimensionless 
plot  of  rear-face  temperature  vs  time. 


L  having  been  reduced  to  0.1  cm,  the  indicated  value 
of  7}  for  this  metal  of  lower  thermal  conductivity  is 
about  160  K.  It  is  important  to  ensure  that  no  phase 
changes  are  included;  also,  to  avoid  errors  due  to 
radiation  losses,  7}  should  not  rise  unduly.  Radiation 
losses  reduce  the  numerical  coefficient  of  equation 
(43).  On  the  other  hand,  the  requirement  for  the  flash 
time  to  be  small,  compared  with  the  time  for  the 
heat  pulse  to  travel  through  the  material,  imposes  a 
limit  on  the  amount  by  which  L  can  be  reduced 
before  necessitating  an  increase  in  the  numerical 
coefficient  of  equation  (43).  Theoretical  treatments 
regarding  radiation  losses  and  finite  pulse  time  cor¬ 
rections  have  been  given  by  Cowan  [118,  119], 
Mendelsohn  [120],  Cape  and  Lehman  [121],  Taylor 
and  Cape  [122],  Watt  [123],  and  Larson  and  Koyama 
[124], 

The  results  of  the  analysis  by  Cape  and  Lehman 
[121]  confirm  that,  for  all  but  the  poorer  conductors, 
radiation  losses  can  be  neglected  provided  the  sample 
thickness  is  of  the  order  of  0. 1  cm.  The  required  coeffi¬ 
cient  reduction  in  equation  (43)  can  exceed  10  percent 
when  AatTlL/k  is  greater  than  0.1;  the  reduction 
however  remains  less  than  5  percent  for  values  of 
k/tL  of  not  less  than  0.1  and  T0  of  up  to  1000  K.  In 
these  expressions,  o  is  the  Stefan-Boltzmann  con¬ 
stant,  T0  the  ambient  temperature,  and  e  the  surface 
emissivity. 

In  attempting  to  reduce  this  correction  by 
reducing  L,  care  needs  to  be  exercised,  or  the  finite- 
pulse  time  correction  will  need  to  be  applied.  If  tc 
is  the  characteristic  rise  time,  L2/n2a,  for  the  rear  face, 
and  t  is  the  pulse  time,  then,  provided  that  all  heat 
losses  are  negligible,  Taylor  and  Cape  [122]  show 
that,  so  long  as  tc  ;>  5 Ox,  then  equation  (43)  would  be 
expected  to  hold  good  to  about  1  percent.  Since  for 
the  normally  operated  optical  sources  of  power  then 
available,  r  was  of  the  order  of  1  or  2  msec,  it  fol¬ 
lowed  that  for  such  a  source  tc  should  not  be  less 
than  50  to  100  msec.  As  a  means  for  dealing  with 
those  cases  where  it  is  not  possible  for  t  and  rc  to 
obey  these  restrictions,  Taylor  and  Cape  [122]  make 
use  of  an  equation  given  by  Cape  and  Lehman  [121] 
to  construct  curves  of  r/tc  against  tll2/tc  for  a  finite 
saw-tooth  pulse  of  base-width  r  and  for  a  square  wave 
of  width  r.  These  curves  are  reproduced  in  Fig.  11. 
When  r  and  t,/2  are  determined  experimentally,  the 
appropriate  graph  can  be  used  to  derive  tc  and  hence 
t„2/tc,  which  is  then  used  as  the  numerical  coefficient 
of  equation  (43)  for  the  determination  of  a. 

Taylor  and  Cape  [122],  who  indicate  that  com¬ 
puter  methods  can  be  used  to  derive  appropriate 
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Fig.  11.  x/tc  against  r  l/2/fc  after  Taylor  and  Cape  [122]  for  (i)  sawtooth 
and  (til  square-wave  pulse. 


curves  for  any  arbitrary  pulse  shape,  tested  out  this 
method  from  observations  made  on  Armco  iron 
samples  of  different  thicknesses  and  from  measure¬ 
ments  of  the  thermal  diffusivity  of  the  same  sample 
at  different  temperatures.  This  last  procedure  was 
satisfactory  since  the  values  of  a  for  iron  fall  rapidly 
with  increase  in  T,  and  hence  tc  is  strongly  tempera¬ 
ture  dependent.  The  results  of  these  tests  are  illustrated 
in  Fig.  12  where  the  open  symbols  represent  uncor¬ 
rected  data  as  derived  by  means  of  equation  (43);  the 
solid  symbols  represent  values  obtained  by  use  of  the 
more  appropriate  numerical  coefficient  in  this  equa¬ 
tion,  as  derived  from  curve  (ii)  of  Fig  1 1  which  applied 
to  the  laser  beam  used.  The  continuous  curve  of 
Fig  12  has  been  derived  using  the  thermal  conduc¬ 
tivity  values  considered  by  Powell  [125]  to  be  the 
most  probable  for  Armco  iron.  The  uncorrected 
values  were  clearly  much  too  low,  but  are  seen  to 
conform  well  after  being  corrected  by  the  proposed 
method. 

The  paper  by  Larson  and  Koyama  [124]  is  a 
rather  more  detailed  treatment  yielding  very  similar 
correction  methods  which  were  found  to  give  satis¬ 
factory  results  when  tested  for  very  thin  samples  of 
copper  as  well  as  for  Armco  iron. 

White  and  Koyama  [126]  used  the  flash  method 
to  determine  the  thermal  diffusivity  of  HWLC-Mo 
graphite.  This  is  a  graphite  produced  by  hot- working 
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with  a  dispersed  liquid-carbide  phase  containing 
additions  of  molybdenum.  The  thermal  diffusivity 
perpendicular  to  the  hot-working  direction  was 
notable  in  being  about  three  times  that  of  copper;  in 
the  parallel  direction  it  was  about  half  the  value  for 


Fig  12,  Armco  iron:  corrected  and  uncorrected  values 
of  x  after  Taylor  and  Cape  [122], 
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copper.  White  and  Koyama  used  the  pulse-time 
correction  method  of  Larson  and  Koyama  [124]  and 
also  included  tests  on  Armco  iron  and  OFHC 
copper.  The  fact  that  their  corrected  values  for  both 
were  within  2  percent  of  the  accepted  values  for  these 
two  standards  gives  a  fair  degree  of  confidence  in  the 
values  obtained  for  the  graphite  samples. 

An  investigation  by  Beedham  and  Dalrymple 
[127]  into  the  errors  introduced  by  departures  from 
the  assumed  boundary  conditions  has  included  a 
rather  overdue  examination  of  those  associated  with 
spatial  nonuniformity  of  the  heating  pulse.  A  photo¬ 
graphic  method  was  developed  to  determine  such 
intensity  variations  for  the  energy  pulse  from  a  ruby 
laser.  The  transient  heat  flows  through  disk  samples 
of  1,  0.5,  and  0.25  mm  thickness  have  been  evaluated 
for  a  2-D  heat  flow  code  involving  inversion  of  a 
matrix  of  implicit  finite  difference  equations  [128], 
Computer  methods  have  been  used  to  evaluate  data 
for  samples  of  graphite  having  an  assumed  thermal 
diffusivity  of  0.026 cm2  s'1.  The  conclusions  reached 
were  that  temperature  measurements  made  in  regions 
of  high  or  low  intensity  led  to  positive  or  negative 
errors  in  the  derived  thermal  diffusivity,  but  that  the 
errors  for  the  cases  examined  did  not  exceed  8  percent, 
and  would  be  reduced  for  methods  in  which  average 
rather  than  point  rear  face  temperatures  were 
observed.  These  workers  also  considered  the  effect  of 
finite  pulse  times  and  found  that  when  r  <  tll2  the 
errors  became  less  than  2  percent  when  zero  time  was 
assumed  as  the  mid  point  of  a  symmetrical  heat-pulse 
or  for  an  asymmetrical  pulse,  by  use  of  the  time  at 
which  half  the  energy  has  entered  the  sample. 

Similar  investigations  of  the  influence  of  laser 
beam  uniformity  on  the  derived  thermal  diffusivity 
are  currently  being  undertaken  by  K.  W.  R.  Johnson 
and  J.  F.  Kerrisk  at  the  Los  Alamos  Scientific  Labora¬ 
tory,  Los  Alamos,  New  Mexico. 

A  brief  survey  follows  on  some  further  contribu¬ 
tions  relating  to  the  various  flash  methods,  and 
includes  two  important  new  applications  by  which 
determinations  can  be  made  on  thin  composite 
materials,  including  oxide  films  in  situ  and  by  which 
the  thermal  conductivity  can  be  directly  determined. 

a.  Flash  Heating  by  Xenon  Lamp 

As  already  mentioned,  the  xenon  flash  method 
was  the  first  flash  method  used  by  Parker  et  al.  [103], 
The  method  was  later  used  by  Parker  and  Jenkins 
[129]  to  measure  the  thermal  diffusivity  of  bismuth 
telluride,  by  Jenkins  and  Westover  [130],  and  by 
Jenkins  and  Parker  [131]  for  metals,  stainless  steels, 


and  other  alloys.  Others  to  use  the  method  have  been 
Rudkin  et  al.  [31],  Rudkin  [132],  Baker  [133],  Moser 
and  Kruger  [134],  Taylor  [135,  136],  Wagner  and 
Dauelsberg  [137,  138.  139],  and  Morrison  [140], 
While  the  foregoing  have  mostly  been  interested 
in  high-temperature  determinations,  Taylor  [135] 
covered  the  range  100  to  900  K,  and  Wagner  and 
Dauelsberg  [138]  the  range  173  to  573  K.  with  a  good 
link-on  with  the  results  of  a  steady-state  method  at 
the  higher  temperature.  Makarounis  and  Jenkins 
[141]  have  described  the  use  of  the  method  for 
measurements  over  the  range  -93  to  473  K.  This 
last  work  included  determinations  on  a  single¬ 
crystal  sample  of  magnesium  dioxide.  As  this  sample 
was  a  nonconductor  of  electricity  it  was  found  to  be 
desirable  to  coat  the  rear  surface  with  a  very  thin 
film  of  liquid  platinum  which  served  to  complete  the 
circuit  across  the  tips  of  the  two  applied  thermo¬ 
couple  wires.  Furthermore,  in  addition  to  coating 
the  front  surface  with  the  customary  thin  layer  of 
Parson's  black,  experience  showed  that  direct  radia¬ 
tion  through  the  crystal  was  reduced  by  also  applying 
a  coating  of  liquid  platinum  to  the  front  surface 
before  applying  the  Parson’s  black,  lacobelli  and 
Moretti  [142]  used  several  different  flash  sources  in 
the  course  of  their  thermal  diffusivity  measurements 
on  uranium  oxide  to  a  temperature  of  1400C.  It  is 
interesting  to  note  that  their  derived  values  for  ther¬ 
mal  conductivity  agree  well  with  the  radial  heat  flow 
determinations  of  Godfrey  et  al.  [143],  whose  values 
up  to  1 300  C  had  been  chosen  as  standard  reference 
data  for  this  material  [144].  Larson  and  Koyama 
[145]  measured  composite  samples  of  explosively 
bonded  metals  (see  Section  d  below). 

b.  Flash  Heating  by  Laser  Beam 

A  laser  beam  can  deliver  more  energy  to  a 
small-area  specimen  than  would  be  possible  with  a 
xenon  flash  lamp.  Such  a  source  of  energy  has  the 
added  advantage  that  it  can  operate  from  much  greater 
distances.  The  beam  can,  for  instance,  pass  through  a 
window  to  be  absorbed  by  a  sample  maintained  at  a 
high  temperature  within  an  evacuated  enclosure. 
Furthermore,  by  using  a  Q-switching  mode  it  becomes 
possible  to  reduce  the  dissipation  time  to  less  than 
1  psec. 

Use  of  the  laser-beam  method  for  a  thermal 
diffusivity  determination  appears  to  have  been  re- 
pc  >  'ed  almost  simultaneously  by  Carpenter  [146]  and 
by  Deem  and  Wood  [147],  Subsequently  it  was  used 
by  Taylor  and  Nakata  [148],  and  by  Taylor  and 
Morreale  [149]  to  measure  to  high  temperatures  the 
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thermal  diffusivity  of  titanium  carbide  and  titanium 
nitride,  and  by  Taylor  [150]  for  a  zirconium  alloy. 
Measurements  using  this  method  have  been  reported 
also  by  Mendez  Penalosa  [151]  who,  like  Carpenter, 
had  worked  originally  with  Dr.  R.  E.  Taylor,  for  ura¬ 
nium  carbide  and  for  nitrides  and  carbides  of  titanium 
and  zirconium,  by  Namba  et  al.  [152]  for  nickel,  by 
Nasu  and  Kikuchi  [153]  for  uranium  nitride,  by 
Rawuka  and  Gaz  [53]  for  synthetic  graphites  to 
2500  C,  by  Lagedrost  et  al.  [154]  for  determinations 
on  plutonium  oxide  in  the  temperature  range  250  to 
1200  C,  by  Gilchrist  [155]  for  determinations  to  800  C 
on  the  oxide  films  formed  on  stainless  steel  (see  also 
Section  d  below),  and  by  Ferro.  Morretti,  and  Patimo 

[156]  for  mixed  uranium  and  thorium  oxides  in  the 
range  800  to  1350  C.  These  last  used  a  lead  sulfide 
cell  as  the  transient  temperature  detector. 

c.  Flash  Heating  by  Electron  Beam 

In  this  method  the  front  face  of  a  thin  wafer-like 
sample  is  heated  by  a  square-wave  pulse  obtained  by 
focusing  on  it  the  beam  of  electrons  emitted  from  a 
modulated  electron  gun.  Mustacchi  and  Giuliana 

[157]  used  this  form  of  the  flash  diffusivity  method 
for  measurements  on  uranium  carbide  in  the  1000  to 
2000  C  range. 

Walter,  Dell,  and  Burgess  [158]  have  also 
described  the  use  of  square  pulses  of  electrons  of 
duration  0.1  to  4  msec  obtained  from  a  tungsten  fila¬ 
ment  electron  gun  and  focused  onto  the  sample  for 
thermal  diffusivity  determinations  for  the  range  40  to 
1400C  on  iron  and  uranium  dioxide.  The  electron 
pulse  is  regarded  as  more  flexible  than  the  laser 
beam  and  therefore  adaptable  to  a  wider  range  of 
materials,  since  adjustments  can  readily  be  made  to 
the  pulse  duration,  the  accelerating  voltage,  and  the 
current  density. 

d.  Flash  Method  Applied  to  Composite  Samples 

Larson  and  Koyama  [145]  have  extended  the 
theoretical  treatment  to  cover  the  case  of  two-layer 
composite  samples  and  have  made  what  appears  to 
be  satisfactory  tests  for  layers  of  stainless  steel 
explosively  bonded  to  either  copper  or  brass.  In  view 
of  the  wide  range  of  composite  materials,  e.g.,  refrac¬ 
tory-clad  materials,  oxidized  mt  etc.,  for  which 
thermal  properties  are  required,  ,h.s  offers  a  most 
useful  test  method,  as  has  been  shown  by  an  applica¬ 
tion  by  Gilchrist  [155]. 

Gilchrist  [155]  gives  details  of  the  use  of  the  flash 
diffusivity  method  to  determine  the  thermal  dif¬ 
fusivity  for  the  range  30  to  800  C  in  the  first  instance 


of  very  thin  films  of  stainless  steel  and  later  for  the 
oxides  formed  on  stainless  steel  at  temperatures  of 
750,  850,  and  900  C.  A  Q-switched  ruby  laser  was 
employed  to  give  a  pulse  dissipation  time  of  about 
20  x  10' 9  sec  which  was  suitable  for  specimens  for 
which  tll2  was  of  the  order  of  1  msec,  that  is,  for  sample 
thicknesses  of  less  than  0.5  mm.  To  allow  measure¬ 
ments  to  commence  at  room  temperature  the  thermal 
radiation  from  the  central  area  of  the  rear  face  of  the 
sample  was  focused  onto  an  indium  antimonide, 
infrared  detector  cell  cooled  with  liquid  nitrogen.  In 
order  to  apply  the  method  to  the  two-layer  composite 
samples  of  oxides  on  steel  use  was  made  of  the 
analysis  by  Larson  and  Koyama  [145]  which  assumes 
each  layer  to  be  homogeneous  but  neglects  any 
interfacial  contact  resistance. 

Murfin  [159]  has  in  hand  developments  of  the 
flash  diffusivity  method  which  will  allow  the  contact 
resistance  h~ 1  to  be  measured,  and  which  at  the 
same  time  has  led  to  an  interesting  variant  of  the 
test  method  for  homogeneous  materials. 

Murfin  shows  that  for  two  materials  of  properties 
kxatxCpidx  and  k2n2CPid2 ,  of  thickness,  x,  equal  to  L, 
and  L2  and  having  a  contact  conductance  ke  at  their 
interface  coinciding  with  x  =  0,  that  if  zero  heat 
losses  are  assumed,  the  temperature  at  any  point  in 
the  specimen  in  material  1  is 

7](x,t)  =  rJl  +  2  £  ( .4,/sin  y„)cos  yn 

”=1  (47) 

x  j1  +  £-j  exp(-ct,y2t/Lf)J 

and  in  material  2,  is 


r2(x,t,)=  r„| 


1  +  2  (aAJsm  by,)  cos  by. 


x  (1  -  x/L2)exp(  - 
where  the  y„  are  the  roots  of 

kJLxhc  =  cot  y  +  a  cot  by 


A*  —  (CPldiLl  +  Cpld2L2)/Cp,dx  siny. 

1  ±  *2—  \ 

hc  k,  sin2  y„  k2sin2byj 

a  =  (C2Pld\ttx/C2Pld22ti2)lz 


and 


(48) 


(49) 

(50) 


b  =  (LjO^/Liaf)  (51) 

Once  the  y’s  are  known,  equation  (49)  provides  a 
method  for  the  determination  of  hc. 


r 
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An  experimental  setup  is  proposed  for  the  deter¬ 
mination  of  hc  comprising  a  lead-sulfide  cell  and  an 
arrangement  of  mirrors  including  a  toothed  rotating 
mirror  acting  as  a  chopper,  which  system  serves  to 
measure  the  temperature  differential  between  the 
opposite  faces  of  a  compound  cylindrical  sample. 

For  homogeneous  disks  Murfin  has  described 
a  new  method  which  is  based  on  measurements  of 
the  time  constant  of  the  transient  rather  than  on  the 
usual  t1/2  temperature  observation.  It  is  shown  that 
the  flash  produces  a  temperature  difference  between 
any  two  points  on  the  specimen  which  decays  expo¬ 
nentially  to  zero  with  a  time  constant  of  the  form 
/2/ot/?2,  where  fi  is  a  constant  and  l  is  the  distance 
between  the  points.  Hence  an  observation  of  the 
time  constant  for  any  two  points  enables  a  to  be 
derived.  In  Murfin's  work  the  temperature  difference 
was  observed  for  points  near  the  center  and  edge  of 
the  rear  face.  For  samples  of  copper  and  of  beryllia 
the  method  was  stated  to  have  yielded  results  that 
were  reproducible  to  ±  5  percent. 


e.  Flash  Method  Applied  for  Direct  Determination  of 
Thermal  Conductivity 

As  can  be  seen  from  equation  (41),  the  original 
treatment  of  Parker  et  al.  [103]  offers  a  means  for 
the  evaluation  of  dCp  provided  the  energy  absorbed 
by  the  front  surface,  Q,  is  known,  di  Novi  [160] 
substituted  a  disk  of  Armco  iron  of  known  thermal 
properties  as  a  means  of  deriving  Q  for  a  standard 
thermal  diffusivity  setup  that  was  to  be  used  for  other 
materials.  The  front  face  of  all  materials  was  coated 
with  colloidal  graphite  to  ensure  that  Q  remained 
constant  for  a  fixed  power  emission  from  the  flash 
lamp.  The  thermal  conductivity  was  then  derived 
from 


k  = 


«Q 

LTm 


(52) 


Measurements  were  reported  for  samples  of  347 
stainless  steel  to  800  C,  *  being  considered  accurate 
to  ±5  percent  and  k  to  ±10  percent  Peggs  and 
Mills  [161]  arranged  to  directly  measure  the  amount 
of  energy  received  at  the  sample  position  from  a  laser 
beam  and  subtracted  from  this  the  amount  reflected 
from  the  colloidal  graphite  coating  on  the  front  face 
of  the  sample.  Preliminary  results  for  Armco  iron  and 
Pyroceram  9606  samples  at  298  K  agreed  to  within 
about  10  percent  with  expected  values  for  the  thermal 
conductivities  of  these  materials. 

The  motivation  for  both  these  direct  determina¬ 
tions  of  k  is  directed  toward  tests  on  irradiated  ceramic 


samples  for  which  property  changes  resulting  from 
the  irradiation  would  render  uncertain  any  derived 
values. 


I.  Electrically-Heated  Rod  Methods 

The  high  temperature  use  of  the  electrically 
heated  rod  method  for  the  determination  of  several 
properties  including  k,  Cp,  d,  and  hence  a,  has  been 
dealt  with  in  the  introduction  to  this  chapter.  The 
particular  development  now  to  be  described  relates 
to  one  of  the  few  methods  that  have  been  used  for 
thermal  diffusivity  determinations  at  cryogenic  tem¬ 
peratures.  Another  is  a  periodic  method  which  will 
be  treated  in  Section  2.H. 

Erdmann  and  Jahoda  [162]  were  interested  in 
studying  the  deformation  of  metal  specimens  under 
load  at  the  temperatures  of  liquid  helium,  and  in 
simultaneously  measuring  their  thermal  and  electrical 
conductivities,  thermal  diffusivities  and  heats  of 
deformation.  For  wire  samples  1  to  3  mm  in  diameter 
and  some  10  cm  long  they  chose  to  use  an  arrange¬ 
ment  and  method  of  the  Kohlrausch-Diesselhorst 
type  [163,  164]  in  which  the  ends  of  the  rod  and  its 
surroundings  are  kept  at  a  constant  temperature  and 
passage  of  an  electric  current  through  the  wire  raises 
its  temperature.  The  ratio  of  the  thermal  conductivity, 
k,  to  the  electrical  conductivity,  a,  is  then  given  by 

k  V1 

-  =  yTT - (53) 

a  2(A  T{  -  A  T0) 


where,  for  two  positions  on  the  rod,  one  at  the  center 
and  the  other  near  one  end,  having  a  small  initial 
temperature  difference  A T0,  A  7}  is  the  final  steady- 
state  temperature  difference  and  V  is  the  correspond¬ 
ing  voltage  difference.  This  is  the  normal  expression 
of  Kohlrausch  [163]  and  the  authors  also  give  a 
modified  expression  which  allows  for  the  dimen¬ 
sional  changes  induced  by  the  applied  straia 

The  thermal  diffusivity  was  deduced  by  them  for 
a  sample  of  constantan,  an  alloy  containing  60  percent 
of  copper  with  40  percent  of  nickel,  from  observations 
of  the  transition  from  one  state  of  temperature 
equilibrium  to  another.  For  instance,  after  measuring 
the  thermal  conductivity  according  to  equation  (53), 
if  the  current  is  switched  off  at  time  t  =  0,  the  tem¬ 
perature  difference  for  t  >  0  decays  according  to 

AT  -  AT0  =  (AT,  -  AT0)  £  A.expf-fl.t)  (54) 
with 

A,=  8a-3(L0/d0)2(  — 1)- 

x  {1  -  cos[(2n  +  l)ndo/L0]} 
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and 

0 .  =  [<2n  +  l)7t/L]Ja  (56) 

L0  being  the  initial  length  and  L  =  L0(l  +  <)  the 
deformed  length.  Equation  (54)  contains  only  odd- 
order  terms  and,  since  those  belonging  to  n  >  0 
decay  rapidly,  a  plot  of  log(A7}  -  AT0)  against  f 
yields  the  straight  line 

log(A7}  -  AT0)  =  -n2L~2at  (57) 

from  which  the  thermal  difTusivity  a  is  derived. 

The  ratio  of  thermal  conductivity  to  thermal 
difTusivity  is  found  to  be  constant  to  within  3  percent 
for  all  conditions  of  strain.  This  presumably  is  an 
indication  of  the  order  of  reliability  of  the  determina¬ 
tions  of  these  quantities,  since  both  the  density  and 
the  specific  heat  should  be  unaffected  by  the  deforma¬ 
tion.  One  advantage  of  operating  the  method  at 
cryogenic  temperatures  is  that  radiation  losses  are 
negligible.  Of  course  this  method  would  be  inapplic¬ 
able  to  wires  which  become  superconducting.  It 
need  not,  however,  be  limited  to  cryogenic  tempera¬ 
tures,  and  could  be  more  generally  applied.  Indeed,  a 
note  on  the  use  of  the  method  appears  in  the  report 
by  Taylor  and  Nakata  [148],  who  applied  it  to  a 
tantalum  wire.  Their  value  is  0.181  cm2/sec  for  the 
range  0  to  656  C.  This  low  value  can  probably  be 
attributed  to  neglected  radiation  losses. 

2.  PERIODIC  HEAT-FLOW  METHODS 

The  many  experin  mtal  methods  which  involve 
the  periodic  or  cyclic  heating  and  cooling  of  a  test 
sample  all  stem  from  the  pioneer  work  of  Angstrom 
[165-167], 

The  following  is  a  brief  survey  of  these  methods, 
which  are  presented  for  the  most  part  in  chrono¬ 
logical  order  and  have  been  given  distinctive  names 
relating  either  to  the  variant  of  the  method  or  to  its 
introducer. 


and  here  again,  thermocouples  have  since  been  used. 
After  the  cyclic  temperature  variations  had  been 
continued  for  a  sufficient  time  for  the  temperature 
wave  to  become  stationary  and  reproducible,  then, 
provided  the  bar  is  of  such  a  length  that  the  tempera¬ 
ture  of  its  ends  has  remained  unchanged.  Angstrom 
showed  that 


dCp  i<t>  log  q 

where  L  is  the  distance  between  the  two  observation 
points,  t  is  the  period  of  the  wave,  tj>  is  the  phase  lag, 
or  difference  in  phase  between  the  temperature 
fluctuations  at  the  two  observation  points,  and  q  is 
the  amplitude  ratio  of  the  temperatures  at  these 
points.  Angstrom,  who  determined  the  thermal  con¬ 
ductivities  of  copper  and  iron  by  multiplying  the 
results  obtained  from  equation  (58)  by  the  known 
specific  heats  and  densities,  had  established  this 
method  in  advance  of  the  naming  of  the  quantity  first 
derived  as  the  thermal  difTusivity. 

Many  versions  of  the  periodic  method  have 
since  been  reported.  An  early  modification  designed 
to  accommodate  samples  of  finite  length  was  one  used 
by  Weber  [168],  who,  following  a  suggestion  by  F. 
Neumann,  impressed  periodic  temperature  oscilla¬ 
tions  of  the  same  period  and  amplitude  but  of  oppo¬ 
site  phase  on  the  two  ends  of  a  short  rod.  For  iron  and 
German  silver  rods  of  length  L,  the  thermal  difTusivity 
was  evaluated  by  this  method  from  observations  of 
the  variation  with  time  of  the  temperature  difference 
between  points  on  the  rod  at  conveniently  selected 
distances  of  L/6  and  4L/6  from  one  end. 

Two  much  later  developments  will  be  described 
in  the  next  two  sections  and  then  some  important 
methods  will  be  considered  which  relate  more  closely 
to  Angstrom's  original  conception,  but  which  involve 
advances  made  possible  by  subsequent  technological 
developments. 


A.  Angstrom’s  Method 

Angstrom  [165]  in  his  first  experiments  subjected 
the  middle  of  a  long  metal  bar  to  periodic  heating 
and  cooling  by  encasing  this  section  with  a  vessel 
through  which  steam  or  cold  water  could  be  passed 
alternatively  for  equal  time  periods.  A  long  rod  could 
equally  well  be  heated  and  cooled  periodically  at  one 
end  as  has  been  done  in  most  later  applications  of  the 
method.  Thermometers  were  mounted  by  Angstrom 
in  wells  along  the  length  of  the  bar  to  measure  tem¬ 
peratures  at  two  points  on  the  same  side  of  its  center. 


B.  Temperature  Wave  Velocity  Method 

King  [169]  made  two  modifications  to  Angstrom's 
method.  He  designed  a  special  heater  in  which  the 
current  could  be  varied  according  to  the  relation 
I  =  /„  sin(a>t/2),  and  thus  was  able  to  ensure  that 
the  temperature  oscillations  throughout  his  specimen 
were  truly  sinusoidal.  For  such  sinusoidal  oscilla¬ 
tions,  (o  =  2ti/t  =  2nf,  where  to  is  the  angular  fre- 
quency,/is  the  oscillation  frequency,  and  r  is  the  wave 
period.  King  made  experiments  for  two  different  wave 
periods,  r,  and  r2,  and  corresponding  propagation 
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velocities,  r,  and  r2,  from  which  he  evaluated  a  from 
the  expression 


T  T  ,,  r  ..2  _  ..2  -|0  5 

tit21 i r  2  1  1  1  2 

4n  LtM  -  rfi’f 


(59) 


The  use  of  two  periods  was  adopted  as  a  means  of 
eliminating  the  need  to  know  the  coefficient  of  surface 
heat  loss,  which  was  assumed  to  remain  the  same 
throughout  both  stages  of  the  experiment. 

King  used  this  method  for  determinations  at 
room  temperature  on  copper  and  tin  and  obtained 
what  appeared  to  be  satisfactory  values.  Later  the 
method  was  used  for  determinations  by  Ellis  et  al. 
[170],  again  at  room  temperature,  on  copper,  nickel, 
and  several  nickel  alloys,  and  then  by  Sager  [171]  to 
about  700  C  for  copper  and  nickel  and  several  binary 
alloys  of  these  metals.  At  higher  temperatures  the 
values  tended  to  be  too  high.  No  explanation  is 
given,  but  it  seems  likely  that  the  temperature 
measurements  were  at  fault,  owing  to  heat  being 
conducted  from  the  2-  to  3-mm-diameter  samples  to 
the  No.  26  (B  and  S)  gauge  chromel  and  alumel  wires 
of  0.405  mm  diameter,  that  were  attached  to  serve 
as  thermocouples. 


C.  Temperature  Wave  Amplitude-Decrement  Method 

An  alternative  method,  originally  suggested  by 
Angstrom  [165-167],  has  been  used  by  Starr  [172]  for 
measurements  on  nickel.  Starr  again  used  two  dif¬ 
ferent  wave  periods  as  a  means  of  eliminating  the 
lateral  heat-loss  term,  but  observed  the  amplitude 
ratios  qy  and  q2  for  two  chosen  points  on  the  rod. 
The  equation  for  the  thermal  diffusivity  is 


nL 2 


t,  In In  q2t  (In  2?2/ln 


\tjt2)2  -  (In  q2/ln 


n  Win 9i)2~|°  5 


(60) 


For  negligible  lateral  heat  losses  and  high  ratios 
of  w/a,  the  logarithm  of  the  amplitude  ratio  is 
approximately  equal  to  the  phase  lag,  and  then. 


wL2  ioL2 
2(ln  q)2  =  2<t>2 


(61) 


Thus,  under  these  conditions,  measurement  of  either 
the  amplitude  decrement,  q,  or  the  phase  difference, 
(ft,  enables  the  thermal  diffusivity  to  be  determined. 
Nii  [173]  and  Kanai  and  Nii  [174]  applied  both 
methods  for  determinations  on  bismuth  telluride,  lead 
telluride,  and  indium  antimonide.  Nii  [173],  however, 
considered  that  more  reliable  results  were  obtained 
from  the  amplitude  ratio. 


Kevane  [175]  made  use  of  a  solar  furnace  as  a 
heat  source  and  established  a  periodic  thermal  wave 
by  moving  his  samples  into  and  out  of  the  focal  spot, 
while  Mustacchi  and  Giuliani  [156]  generated  a  sinu¬ 
soidal  thermal  wave  by  means  of  a  modulated  electron 
gun.  The  latter  employed  a  wide  range  of  fre¬ 
quencies,  from  0.01  to  100  cps,  and  obtained  a  straight 
line  when  In  q,  with  q  the  amplitude  ratio  for  the 
front  to  rear  surface,  was  plotted  against  /°  5.  If  S  is 
the  slope  of  this  line,  then 

ot  =  0.59  L2/S2  (62) 

Filippov  and  Nurumbetov  [176]  and  Filippov  [177] 
used  a  cylindrical  metal  specimen  a  few  centimeters 
in  length  with  the  upper  end  heated  by  electron 
bombardment.  The  modulation  was  achieved  by 
periodically  switching  on  and  off  the  several  hundred 
volts  potential  between  the  specimen  as  anode  and 
the  electron  emitting  cathode.  The  periods  used 
were  within  the  range  5-20  sec.  Several  thermocouples 
welded  to  the  sample  at  regularly  increasing  distances 
of  some  3  mm  from  the  top  enabled  temperature 
recordings  to  be  obtained. 

Keeping  the  cyclic  frequency,  to,  constant,  the 
amplitude  of  the  temperature  oscillations,  0,  for  the 
various  locations  is  plotted  against  distance,  x.  The 
thermal  diffusivity  is  then  obtained  from  the  slope  of 
this  line  and  to  according  to 

(Jj 

*  =  2\d  In  0/dx)2  (63) 

To  increase  the  precision,  data  were  obtained  for 
several  frequencies.  This  method  was  used  for 
Armco  iron  at  300  and  370  C  and  gave  good  agree¬ 
ment  with  existing  values.  By  arranging  to  include 
measurements  of  the  variable  component  of  the  actual 
heat  flux  these  workers  were  able  to  extend  the 
capabilities  of  the  method  to  include  determinations 
of  the  specific  heat  and  thermal  conductivity. 
Khusainova  and  Filippov  [178]  subsequently  used 
the  method  to  determine  all  three  properties  for  a 
molybdenum  single  crystal  cylindrical  rod  in  the 
course  of  a  single  experiment  covering  the  tempera¬ 
ture  range  450  to  1200  K.  They  estimated  the  errors 
in  the  thermal  diffusivity  and  thermal  conductivity 
measurements  to  be  4  and  7  percent,  respectively. 

Anger  et  al.  [179]  used  yet  another  modification 
of  the  amplitude-decrement  method  when  determin¬ 
ing  the  thermal  diffusivity  of  bismuth  telluride.  Their 
sample  was  in  the  form  of  a  cylindrical  rod,  one  end 
of  which  was  sinusoidally  heated  and  the  other  end 
held  at  a  constant  temperature  by  water  cooling. 


30*  Theory,  Estimation,  and  Measurement 


Temperatures  were  measured  by  means  of  thermo¬ 
couples  attached  at  two  [joints  on  the  rod,  separated 
by  a  distance,  L.  Assuming  both  thermocouples  to 
have  the  same  Seeback  coefficient  and  to  give  read¬ 
ings  Vx  and  V2  at  a  particular  time,  then,  if  q  is  the 
coefficient  of  attenuation,  or  the  amplitude  ratio, 
they  show  that 

q  =  (co/2a)°-5[l  +  (ah/ cor)]  (64) 

where  r  is  the  radius  and  h  represents  the  lateral  heat 
loss  coefficient ;  also, 

i-z'4,  •“> 

By  means  of  equation  (65)  q  is  determined  for  several 
frequencies  of  the  applied  thermal  wave.  A  plot  of 
q(2/ut)0  >  as  ordinate  against  1/co  as  abscissa  then 
yields  a  straight  line  according  to  equation  (64),  for 
which  the  intercept  on  the  ordinate  is  a-0  5. 


D.  Modified  Angstrom  Methods 

The  two  main  methods  to  be  described  under  this 
heading  are  those  of  Sidles  and  Danielson  [180,  181] 
and  of  Abeles  et  al.  [182,  183]. 


a.  Method  of  Sidles  and  Danielson 

Sidles  and  Danielson  [180]  followed  the  original 
Angstrom  method  by  measuring  the  velocity,  v,  and 
amplitude  decrement,  q,  for  one  suitably  chosen  wave 
period.  By  restricting  the  observations  to  the  one 
equilibrium  condition  the  determination  could  be 
made  more  quickly  than  for  either  of  the  foregoing 
versions  of  King  [169]  or  Starr  [172] ;  also  this  proce¬ 
dure  avoided  troubles  which  might  arise  in  their 
two-stage  experiments  from  changes  in  thermo¬ 
couple  calibration  or  surface  heat  loss. 

According  to  the  original  theory  of  Angstrom 


Lv 

“  -  2lng 


(66) 


and  this  equation  is  fundamental  to  the  work  now  to 
be  described. 

In  the  earlier  experiments  of  Sidles  and  Danielson 
[180]  a  sinusoidal  heat  input  having  a  period  of 
about  120  sec  is  impressed  on  one  end  of  a  cylindrical 
sample,  3  to  9  mm  in  diameter  and  10  to  30  cm  long, 
the  shorter  lengths  and  larger  diameters  being  used 
for  the  poorer  conducting  metals  such  as  iron  and 
thorium.  The  temperatures  are  measured  at  two 
points,  L  apart,  the  first  point  being  much  closer  to 
the  hot  end  than  the  cold.  Special  techniques  are 


described  for  recording  the  readings  of  these  two 
thermocouples,  which  include  bucking  off  a  dc 
component  about  equal  to  the  ambient  temperature 
readings  and  amplification  of  the  remaining  signal. 
From  this  recording  and  a  knowledge  of  the  chart 
speed,  both  v  and  q  can  be  derived :  a  is  then  calculated 
according  to  equation  (64). 

Sidles  and  Danielson  [180]  developed  a  very  neat 
technique  for  use  with  this  method.  By  connecting 
the  suitably  bucked-off  voltages  of  the  two  thermo¬ 
couples  to  the  X  and  Y  directions  of  an  X-Y  plotter 
an  ellipse  is  recorded.  Figure  13  indicates  the  use  of 
such  an  ellipse  to  obtain  the  relevant  parameters  XQ, 
Ya,  and  ij>  that  are  required  for  the  evaluation  of  a 
from  the  equation 

n  L2 

“  =  x<t>\n(XJY~)  (67) 

which  has  been  derived  from  equation  (66)  by  substi¬ 
tution  of  v  =  2nL/tij>  and  q  =  XJYa. 

The  ratio  XJYa  of  the  length  of  the  sides  of  the 
circumscribed  rectangle  were  shown  to  be  equal  to 
q j  the  amplitude  decrement,  while  4>,  the  phase  angle 
between  the  X  and  Y  displacements,  is  equal  to  the 
angle  whose  sine  is  Xp/Xa  or  Yp/Ya.  The  agreement 
of  these  two  derivations  is  a  check  on  the  experi¬ 
mental  setup. 

This  method  has  been  used  by  Sidles  and 
Danielson  [180]  to  determine  a  for  several  metals 
over  the  approximate  range  320  to  1230K.  Subse¬ 
quent  measurements  by  Shanks  et  al,  [184]  on  Armco 
iron  not  only  extended  the  range  to  1373  K,  but 
showed  the  method  to  be  of  particular  value  in  the 
region  of  the  alpha-gamma  phase  transition.  This  is 
the  region  where  property  discontinuities  occur  and 
where  direct  thermal  conductivity  determinations  by 
methods  involving  a  temperature  gradient  tend  to 
meet  difficulties.  Martin  et  al.  [185]  used  the  method 


Y 


Fig.  13.  Ellipse  given  by  X-Y  recorder 
used  by  Sidles  and  Danielson  [180]  to 
derive  a  from  a  -  *t,J/rd  ln(Xj/y,). 
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for  measurements  on  several  samples  of  platinum  to 
1200  K,  and  Ciszek  [186],  working  in  the  same 
laboratory  made  preliminary  determinations  on  plati¬ 
num  to  1600  K  (see  Fig.  14).  The  foregoing  applica¬ 
tions  serve  to  demonstrate  the  value  of  the  method  as 
a  means  for  making  determinations  of  a  thermal 
property  to  temperatures  well  above  1000  C.  Ad¬ 
vantages  are  that  absolute  values  are  not  essential 
for  either  the  heat  flow  or  the  observed  temperatures 
and  that  the  temperature  observations  are  all  made 
close  to  a  mean  temperature. 

Ginnings  [187]  has  described  measurements 
made  at  the  National  Bureau  of  Standards  in  the 
course  of  a  study  of  the  Sidles  and  Danielson  method, 
which  sought  to  check  the  influence,  if  any,  of  the 
increased  radiation  which  occurs  when  the  method 
is  applied  at  high  temperatures.  If  such  an  effect  is 
present,  it  will  be  large  when  the  period  of  the  sine 
wave  is  large  and  small  when  it  is  small,  hence,  the 
values  obtained  for  the  thermal  diflusivity  would 
become  dependent  on  the  frequency.  The  check 
measurements,  however,  were  made  on  a  sample  of 
Armco  iron  but  only  for  a  temperature  of  186  C,  and 
for  sine-wave  periods  which  could  be  varied  from  28 
to  113  sec.  To  achieve  this  range  of  variation,  one 
end  of  the  iron  rod  was  welded  to  a  short  length  of 
Inconel  rod  which  could  be  heated  electrically  or 
water-cooled  in  accordance  with  a  prearranged 
program.  Values  of  a,  so  determined,  agreed  to  within 
±  1  percent.  Furthermore,  tests  made  for  the  28-sec 
period  with  a  saw-tooth  instead  of  a  sine-wave  input 
yielded  a  value  of  a  that  was  believed  to  be  in  error 
by  only  about  2  percent.  The  conclusion  from  these 
experiments  was  that  use  of  a  sine  wave  having  a 
period  of  15  sec  or  less  should  allow  the  method  to 
give  values  of  thermal  diflusivity  at  1000  C  or  higher 
that  would  be  of  comparable  accuracy  to  those 
obtained  at  lower  temperature. 

It  might  be  mentioned  that  Ciszek  [186],  for  his 
determination  on  platinum  to  1600  K,  used  a  period 
of  30 sec;  Martin  et  aL  [185]  for  measurements  to 
1200  K  appear  to  have  used  mainly  a  period  of  60  sec, 
with  some  checks  (temperature  unspecified)  using 
one  of  120  sec  For  the  common  range  of  tempera¬ 
ture  good  agreement  had  been  obtained. 

b.  Method  of  Abeles  et  aL 

The  method  of  Abeles  et  aL  [182]  is  a  very  similar 
modification  of  the  original  Angstrdm  method,  but 
one  which  is  regarded  by  Danielson  and  Sidles  [12] 
as  possessing  some  significant  theoretical  and  experi¬ 
mental  improvements. 


From  the  separate  expressions  derived  for  q,  the 
logarithmic  attenuation 

\h  +  (ft2  +  „WT 5 

9=L - 2a - |  (68) 


and  for  q',  the  phase  shift 

r-H^  +  nvri05 

9  =  [ - 2S - J  (69) 

where  ft  is  the  lateral  heat  transfer  per  unit  length,  it 
follows  that 


«  =2a 


(71) 


which  is  independent  of  any  lateral  heat  loss. 
Furthermore,  when  ft  =  0, 


For  high-temperature  measurements,  when  the 
main  lateral  heat  transfer  is  by  radiation  they  con¬ 
sider  that  the  method  will  yield  satisfactory  values 
provided  that 

cor  »  f>0(Ti!dCp  (73) 

and 


exp(-2qL) «  1  (74) 


The  modulation  frequencies  of  the  cam-driven 
sinusoidal  heater  used  by  Abeles  et  al.  [182]  ranged 
from  0.02  to  0.5  Hz.  The  Y-axis  of  an  X-Y  recorder  was 
fed  by  a  similar  sinusoidal  voltage  and  served  as  a 
reference  voltage.  The  phase  of  this  voltage  was 
adjusted  to  coincide  with  that  of  each  thermocouple 
output  when  applied  in  succession  to  the  Y-axis  of 
the  recorder.  From  the  X  amplitudes  of  the  resulting 
figure-of-eight  Lissajous'  figures,  the  ratio  q  was 
obtained,  while  their  cross-over  points  yielded  the 
phase  shifts  with  respect  to  the  heater  signal.  This 
information  gave  values  for  q  and  q,  and  hence  a 
could  be  calculated.  The  three  equally  spaced  thermo¬ 
couples  attached  to  the  sample  were  used  in  pairs, 
and  therefore  provided  three  independent  values. 

By  using  appropriate  frequencies,  samples  only 
about  5  cm  in  length  could  be  used  These  were  short 
enough  to  avoid  trouble  due  to  radiation  and  deter¬ 
minations  to  high  temperatures  have  been  reported 
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for  materials  having  thermal  conductivities  of  0.005 
to  4  W  cm-  1  K" '.  Such  determinations  include  those 
of  Cody  et  al.  [188]  for  Armco  iron  to  about  1300  K, 
Beers  et  al.  [189]  for  germanium  and  silicon  to  1 100 
and  1200  K,  respectively,  Abeles  et  al.  [183]  for 
germanium-silicon  alloys  to  1200  K,  Steigmeier  and 
Kudman  [65]  for  indium  arsenide  to  900  K,  the  same 
authors  [190]  for  gallium  antimonide,  aluminum 
antimonide,  and  gallium  phosphide  to  910,  930,  and 
550  K,  respectively,  and  of  Habachi  et  al.  [191]  for 
copper,  cobalt,  and  alloys  of  copper  with  arsenic, 
bismuth,  and  silver  to  about  850  K. 

It  will  be  noted  that  the  thermal  diffusivity 
measurements  on  iron  and  cobalt  have  been  made 
for  temperature  ranges  which  include  the  Curie 
temperature  of  iron  and  the  phase-transition  tem¬ 
peratures  of  both  metals.  Sidles  and  Danielson  [180] 
had  made  determinations  on  iron  and  nickel*  and 
had  pointed  out  that  the  Curie  temperature  is  located 
more  definitely  by  the  strong  dip  observed  in  a  plot 
of  thermal  diffusivity  against  temperature  than  by  a 
plot  of  electrical  resistance  against  temperature. 
However,  Powell  and  Hickman  [192]  had  noted 
earlier  that  it  is  the  rate  of  change  of  resistance  with 
temperature  for  which  a  peak  can  often  be  observed. 
Thermal  diffusivity  measurements  by  the  present 
method  can  be  accepted  as  having  an  advantage  over 
most  thermal  conductivity  determinations,  in  that 
the  sample  can  be  maintained  at  a  more  uniform 
temperature  and  hence  observations  can  be  made 
much  nearer  to  a  transformation  temperature  before 
changes  at  this  temperature  can  influence  the  measure¬ 
ment.  Care  is  required,  however,  and  clearly,  the 
smaller  the  amplitude  of  the  temperature  oscillation, 
the  more  closely  the  transformation  can  be  ap¬ 
proached  before  its  influence  is  detected.  At  many 
such  transformations,  as  well  as  a  property  change, 
there  is  an  associated  latent  heat,  and  the  sign  of  this 
latent  heat  will  depend  on  whether  the  transforma¬ 
tion  occurs  as  the  temperature  rises  or  falls.  Hysteresis 
also  frequently  occurs  and  on  cooling,  the  transforma¬ 
tion  may  be  delayed  to  an  appreciably  lower  tem¬ 
perature.  In  the  case  of  cobalt,  the  electrical  resistivity 
determination  by  Powell  (.193]  indicated  the  phase 
transition  to  commence  at  about  440  C  on  heating 
and  at  about  400  C  on  cooling.  It  would  seem  there¬ 
fore  that  experimental  determinations  of  thermal 
diffusivity  made  in  the  region  of  a  transformation  are 
likely  to  yield  values  which  will  depend  not  only  on 

•For  thermal  diffusivity  determinations  on  cobalt  near  the  Curie 
temperature,  see  also  the  later  determinations  by  Zinov'ev  et  al. 
[203], 


both  the  amplitude  and  frequency  of  the  tempera¬ 
ture  wave  but  also  on  the  thermal  history  of  the 
sample  investigated.  The  measurements  by  Habachi 
et  al.  [191]  on  a  99.999  percent  sample  of  cobalt 
represent  the  first  determinations  of  either  the  ther¬ 
mal  diffusivity  or  thermal  conductivity  to  be  made  on 
this  metal  to  a  temperature  which  includes  the  alpha- 
to-beta  transformation.  These  workers  used  a  satis¬ 
factorily  small  temperature  oscillation  of  only  +  1  K 
yet  they  regarded  their  measurements  as  indicating 
a  transformation  temperature  of  410  ±  10C.  As  this 
temperature  is  much  lower  than  that  obtained  from 
other  property  studies,  a  possible  explanation  could 
be  that  this  result  was  obtained  for  the  sample  when 
in  the  supercooled  beta  phase.  This  could  happen, 
for  instance,  if,  following  a  reading  at  about  400  C, 
the  sample  had  been  heated  inadvertently  to  450  C 
or  above,  before  the  thermal  diffusivity  at  about  41 5  C 
hau  been  measured.  These  considerations  clearly 
show  the  need  for  the  exact  thermal  treatment  to  be 
specified. 

E.  Phase-Lag  Method* 

The  use  of  phase-lag  measurements  as  an  inde¬ 
pendent  means  for  determining  thermal  diffusivity 
has  already  been  referred  to  in  Section  C  for  the 
conditions  under  which  the  logarithm  of  the  ampli¬ 
tude  decrement  and  the  phase-lag  could  be  regarded 
as  approximately  equal.  A  method  of  the  phase-lag 
type  has  also  been  used  by  McIntosh  [194]  and  by 
McIntosh  et  al.  [195],  The  uncertainty  which  they 
claim  is  only  about  6  percent,  but  their  reported 
values  for  Armco  iron  are  clearly  in  error  by  much 
more  than  this.  Their  determinations  only  cover  the 
range  0  to  100  C,  but  use  of  literature  data  for  the 
density  and  specific  heat  yield  thermal  conductivity 
values  for  this  increasing  temperature  range  which 
increase  by  as  much  as  37  percent,  whereas  the 
accepted  values  for  Armco  iron  decrease  by  about 
9  percent. 

Subsequent  developments  of  the  phase-lag 
method  for  use  with  thin  slabs  or  disks  of  material 
have  been  fairly  widely  adopted  for  determinations  to 
high  temperatures.  Hirschman  et  al.  [196,  38]  investi¬ 
gated  Armco  iron,  copper,  and  brass  specimens  in 
the  form  of  small  flat  disks  about  6.4  mm  in  diameter 
and  from  0.77  to  1.48  mm  thick  for  the  temperature 
range  400  to  1000  K.  These  were  irradiated  with  a 
chopped  beam  from  a  carbon-arc  image  furnace.  The 
phase-lag  between  the  square-wave  n  radiance  im¬ 
pinging  on  the  front  surface,  as  reflected  to  a  photo¬ 
voltaic  cell,  and  the  temperature  oscillations  of  the 
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back  surface,  as  measured  by  a  thermoelectric  probe, 
is  given  by 

sinh  B  cos  B  +  cosh  B  sin  B 
sinh  B  cos  B  -  cosh  B  sin  B 

where, 

B  =  UtalTa )°  5  (76) 


and  heat  loss  from  the  rear  face  is  neglected. 

They  also  derived  expressions  in  which  allowance 
is  made  for  surface  heat  losses,  but  regarded  equation 
(75)  as  adequate  to  temperatures  of  the  order  of 
2000  K,  when  using  frequencies  to  10  Hz,  and  to  still 
higher  temperatures  by  the  use  of  higher  frequencies. 

Cowan  [1 18]  is  responsible  for  the  full  theoretical 
treatment  used,  for  instance,  by  Wheeler  [48]  to 
evaluate  observations  made  on  several  high-tem- 
perature  materials  when  heated  to  incandescence  by 
a  modulated  electron  beam.  Cowan  [118]  shows  that 
the  phase  difference,  <j>L,  between  the  temperature 
fluctuations  of  the  face  at  x  =  L,  and  the  electron 
beam  when  modulated  to  produce  a  sine-wave  is 


<t>L  =  tan*1 


2B30,  +  2B2u02(l  +  r)*‘ 

_ +  bBQ3r-' 

2aB2Q0  +  b(l  +  2r)BQir~' 

+  abQ2(l+r)-'  +2B3Q3 


(77) 


and  that  the  phase  difference,  </>0,  between  the  tem¬ 
perature  fluctuations  of  the  other  face  at  x  =  0  and 
the  sine-wave  modulated  beam  is 


b(tan  B  —  tanh  B) 

+  2aB  tan  B  tanh  B 
+  2B2(tan  B  +  tanh  B) 

6(tan  B  +  tanh  B) 

+  2aB  -  2B2(tan  B  —  tanh  B) 

where  B  is  given  by  equation  (76)  and 

0O  =  cosh2  B  +  sinh2  Bsin2  B 

0,  =  cosh  B  sinh  B  +  cos  B  sin  B 

02  =  cosh2  Bsin2  B  +  sinh2  Bcos2  B 

03  =  cosh  B  sinh  B  -  cos  B  sin  B 

For  radiation  losses  proportional  to  T*,  the  two 
heat  loss  parameters  a  and  r  are  given  in  Wheeler’s 
experiments  by  approximately 


'  *  ( W?;.0)J  «  1 

a  %  4oL(l  +  r)fT4k~‘ 


(80) 


and 

b  *  u2/4 

With  (f>  —  0O  -  <t>L  it  is  further  shown  that  to  a 
close  approximation, 

<(>  =  1.45  L2cj(nct)-'  (81) 

The  moreexact  solution  requires log(4>o  ~  1 

as  calculated  from  equations  (77)  and  (78)  to  be 
plotted  against  log Bn~ 1  for  different  values  of  a. 
When  {<t>0  -  <t>L)n~ 1  is  less  than  about  0.1,  each  curve 
may  be  represented  by  a  straight  line  from  which 

(0o  ~  0;>~'  =  07C1  =  A[Bn~x]r 


The  numerical  coefficients  A  and  F  are  functions 
of  a,  but  for  small  values  of  a,  F  can  be  taken  as  equal 
to  2  and  A  as  29,  so  yielding  equation  (81). 

Wheeler  [48]  measured  <t>  experimentally  by 
means  of  a  circuit  containing  two  photocells  so 
disposed  that 

0  =  2tan*'(wCR)  (83) 

where  C  and  R  are  a  capacitance  and  a  phase-shift 
resistance  in  this  circuit. 

Knowing  <j>,  an  approximate  value  for  the  ther¬ 
mal  diffusivity,  a,  was  obtained  by  means  of  equation 
(81).  With  d  and  Cp  known,  this  enabled  an  approxi¬ 
mate  value  of  the  thermal  conductivity,  k,  to  be 
evaluated  and  a  could  then  be  derived  from  equation 
(80).  This  value  of  a  gave  the  constants  A  and  F,  and, 
knowing  these  constants,  equation  (82)  was  used  to 
give  a  more  exact  value  for  a,  and  hence  for  k,  the 
procedure  being  repeated  until  stable  values  were 
derived  for  both  quantities.  Wheeler  found  the  first 
approximate  value  of  k  to  be  invariably  within  8 
percent  of  the  final  value  and  that  two  or  three 
iterations  always  proved  sufficient. 

Kraev  and  Stel’makh  [47,  52]  have  used  a  very 
similar  method  for  thermal  diffusivity  measurements 
on  tungsten  between  1600  and  2960  K  [47]  and  on 
tantalum,  molybdenum,  and  niobium  at  tempera¬ 
tures  above  1800  K  [52],  As  stated  in  Section  2C.b, 
the  values  of  Wheeler  and  of  Kraev  and  Stel'makh 
agree  well  for  tungsten  near  1900K  but  those  of  the 
latter  become  about  20  percent  lower  at  2900  K. 

Much  the  same  procedure  was  also  used  by 
Cerceo  and  Childers  [197]  when  making  thermal 
diffusivity  determinations  on  thin  plates  of  alumina 
in  the  range  1289  to  1409  K  and  of  carbon  at  1 189  K, 
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while  Ainscough  and  Wheeler  [198]  used  it  for  one 
of  the  most  comprehensive  studies  made  on  uranium 
oxide.  On  behalf  of  the  UKAEA,  some  30  determina¬ 
tions  were  made  in  the  range  970  to  2020  K  on  each 
of  25  samples  of  2.7  percent  enriched  uranium  di¬ 
oxide,  and  from  these  data  thermal  conductivity 
values  were  derived. 

In  a  subsequent  paper  by  Wheeler  [199]  several 
modifications  are  described,  the  chief  of  which 
involves  the  use  of  infrared-sensitive  devices  and  of 
calcium  fluoride  windows  to  allow  temperature 
fluctuations  of  the  test-sample  surface  to  be  recorded 
for  temperatures  as  low  as  250  C.  The  lower  limit 
attainable  in  this  way  is  a  function  of  the  specimen 
emissivity.  Thus  for  the  reported  measurements  on 
brightly  polished  iron  of  99.85  percent  purity  this 
limit  was  550  C,  but,  after  oxidizing  the  surface  by 
heating  in  air,  temperature  measurements  down  to 
280  C  became  possible.  Good  agreement  was  ob¬ 
tained  between  the  derived  thermal  conductivity 
values  and  the  direct  measurements  of  this  property 
reported  by  the  National  Physical  Laboratory  [200] 
and  by  Fulkerson  et  aL  [201].  This  agreement  related 
to  Wheeler’s  determinations  of  thermal  diffusivity 
on  a  sample  only  0.128-cm  thick.  The  other  sample 
tested  of  0.201  cm  thickness  gave  about  10  percent 
higher  values  just  below  the  alpha-to-gamma  phase 
transformation  and  14  percent  higher  values  above 
this  transformation.  This  finding,  in  one  of  the  most 
recent  papers,  is  again  indicative  of  the  care  and  need 
for  cross  checking  which  is  still  necessary  with  these 
methods.  These  determinations  and  those  which 
follow  again  confirmed  the  merit  of  thermal  diffusivity 
as  providing  means  for  investigating  the  changes 
associated  with  phase  transitions. 

The  phase-shift  method  of  Kraev  and  Stel’makh 
[47]  was  subsequently  employed  by  Zinov’ev  et  al. 

[202]  to  determine  the  thermal  diffusivity  of  nickel 
in  the  range  920  to  1670  K  and  by  Zinov’ev  et  al. 

[203]  for  similar  measurements  on  cobalt  for  the 
range  950  to  1710  K.  The  cobalt  measurements 
included  the  Curie  point,  1390  K,  and  the  curve  again 
has  a  deep  trough  in  this  region,  similar  to  that 
noticed  previously  by  Sidles  and  Danielson  [180]  for 
nickel  and  iron. 

The  subsequent  use  of  this  method  by  Zinov’ev 
et  al.  [204]  to  determine  the  thermal  diffusivity  of 
platinum  over  the  temperature  range  1040  to  2000  K 
calls  for  special  comment  Platinum  has  been  regarded 
as  a  strong  candidate  for  consideration  as  a  thermal 
conductivity  standard,  particularly  for  use  at  tem¬ 
peratures  above  about  1000  K.  Much  of  the  uncer¬ 


tainty  up  to  1200  K  appears  to  have  been  resolved  by 
the  careful  measurements  of  Flynn  and  O’Hagan 
[95],  whose  values  are  regarded  as  acceptable  to  that 
temperature,  and  possibly  to  1373  K  (O’Hagan  [205]). 

Figure  14  is  an  attempt  to  portray  all  the  data 
above  1000  K.  relating  to  the  thermal  conductivity  of 
platinum.  In  this  figure  the  directly  determined  ther¬ 
mal  conductivity  values  are  shown  as  broken  lines 
[93-95]  [205-210],  the  dotted  line  represents  values 
derived  from  the  Lorenz  function  determinations  of 
Hopkins  and  Griffith  [92]  together  with  the  electrical 
resistivity  data  of  Vines  [211],  and  the  full  lines  repre¬ 
sent  values  derived  from  thermal  diffusivity  deter¬ 
minations  [48,  53,  185,  186,  204,  212].  The  data 
derived  in  the  last  mentioned  manner  are  seen  to  lie 
in  about  the  center  of  this  spread  of  values  and  to 
conform  reasonably  well  with  the  Flynn  and  O’Hagan 
[95,  205]  values.  This  is  particularly  true  of  the  pre¬ 
liminary  data  of  Ciszek  [186]  which,  together  with  the 
Hopkins  and  Griffith  curve  tend  to  suggest  that  the 
thermal  conductivity  of  platinum  does  continue  to 
increase  with  increase  in  temperature  until  the  melt¬ 
ing  point  is  reached.  On  the  other  hand,  the  values 
derived  from  two  of  the  most  recent  sets  of  thermal 
diffusivity  determinations,  those  of  Zinov’ev  et  al. 

[204]  and  of  Rawuka  and  Gaz  [53],  both  indicate  the 
thermal  conductivity  of  platinum  to  attain  a  broad 
maximum  in  the  region  of  1600  to  1700K  and  to 
decrease  to  their  respective  upper  temperature  limits 
of  1994  and  1844  K.  Thus  the  true  curve  for  platinum 
still  remains  uncertain  and  its  determination  should 
present  a  challenge  to  future  experimentalists.  It  does, 
however,  seem  desirable  to  point  out  that  for  other 
metals  including  titanium  (see  Fig.  2),  the  high- 
temperature  thermal  diffusivity  determinations  of 
Zinov’ev  et  al.  [29]  led  to  comparatively  low  thermal 
conductivity  values  and  even  to  Lorenz  functions 
which  were  thought  to  be  unacceptably  low. 

F.  Thermoelectric  Methods 

These  methods  comprise  several  techniques  in 
which  the  temperature  changes  are  produced  by 
thermoelectric  means.  Since  thermoelectric  effects 
tend  to  be  large  for  semiconductors  it  follows  that 
methods  of  this  class  have  been  applied  to  such 
materials. 

In  one  such  technique  use  is  made  of  the  Peltier 
heating  or  cooling  generated  at  the  junction  between 
an  electrically  conducting  specimen  and  a  current- 
carrying  electrode  of  a  different  material  Periodic 
reversal  of  the  current  changes  the  sign  of  the  Peltier 
heat  and  symmetrical  temperature  variations  are 
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Fig.  14.  Thermal  conductivity  of  platinum  at  high  temperatures.  1.  Holm  and  Stormer  [93]:  2.  Knshnan  and 
Jain  [206];  3,  Cutler  el  at.  [94];  4.  Bode  [207];  5.  Powell  and  Tye  [208];  6,  Kobushko  el  at.  [209]:  7  and  8. 
Flynn  and  O'Hagan  [95];  9,  O'Hagan  [205];  10,  II.  and  12.  Jain.  G<v'  and  Narayan  [210];  13,  Hopkins 
and  Griffith  [92]  (derived  from  Lorenz  function):  14.  Martin  and  Sidles  [212]:  15-17,  Martin.  Sidles,  and 
Danielson  [185]:  18.  Wheeler  [48];  19.  Ciszek  [186]:  20.  Zinov'ev.  Krentsis.  and  Gel'd  [204]:  21.  Rawuka 
and  Gaz  [53]  (14-21  have  been  derived  from  thermal  diflunvity  measurements). 


thereby  established  If  the  temperature  changes  are 
recorded  for  two  locations  sufficiently  removed  from 
the  end  x  =  0.  where  the  .periodic  heating  takes  place, 
the  upper  harmonics  of  the  temperature  wave  will 
be  sufficiently  damped  to  give  the  sensibly  sinusoidal 
temperature  variations  required  for  Angstrom’s  ori¬ 
ginal  method  Hence,  from  the  observed  amplitude 
ratio  and  phase-lag,  the  thermal  dilfusivity  can  be 
derived  by  means  of  equation  (57).  Methods  of  this 
type  were  used  by  Green  and  Cowles  [213]  to  measure 
the  thermal  diffusivity  of  single-crystal  bismuth 
telluride  and  by  McNeill  [214]  to  measure  the  thermal 
diffusivity  of  lead  telluride  doped  with  iodine. 

Other  techniques  which  are  applicable  to  semi¬ 
conducting  materials  and  which  involve  Seebeck, 
Nerast,  and  bolometric  effects  are  those  proposed  by 
Becker  [215]  and  used  by  Sochard  and  Becker  [216], 
Timberlake  et  al.  [217],  Davis  et  al  [218],  and  by 
Leroux-Hugon  and  Weill  [219]. 

G.  Radial-Wave  Method 

This  method  has  been  developed  by  Yurchak 
and  Filippov  [220-222]  and  applied  for  thermal 


diffusivity  determinations  on  metals  in  both  solid  and 
liquid  phases.  It  is  also  described  by  Filippov  [177], 
Filippov  and  Pigal'skaya  [223],  and  Mardykin  and 
Filippov  [40].  A  cylindrical  sample  in  equilibrium 
with  an  enclosure  at  constant  temperature  has  a 
sinusoidal  temperature  Auction  established  within  it 
by  periodic  heating  of  the  external  curved  surface. 
The  solution  of  the  appropriate  heat-Bow  equation  is 

T=AJ0(x^i)  (84) 

where  A  is  a  constant  of  integration,  and  J^Xyfi)  is 
the  zeroth-order  Bessel  function  of  the  complex  argu¬ 
ment  x1  =  axx~  'r2,  co  being  the  angular  frequency  of 
the  temperature  oscillations  and  r  the  radius  at  which 
the  temperature  is  being  measured.  From  equation 
(82)  the  ratio  of  the  temperature  a  mplitudes  at  two 
radii,  or  at  one  radius  and  the  axis,  can  be  obtained 


giving 

-  =  m 
<?0 

(85) 

or 

-  =  (Bf(x)  +  B\x)m 

(86) 
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where  B,(x)  and  B2(x)  are  Thomson  functions,  i.e., 
real  and  imaginary  parts  of  JQ{y.^fi). 

The  phase  shift  is  given  by 

<£  =  arctan^^  (87) 

B  ,(x) 

Hence,  once  again,  the  thermal  diffusivity  can 
be  obtained  from  observations  of  either  the  amplitude 
ratio  or  the  phase  shift.  Both  have  been  used,  and  the 
use  of  internal  heating  of  a  thick-walled  cylinder  is 
another  variant  of  the  method  employed  by  these 
Russian  workers.  See  also  Filippov  [177], 

A  further  development  by  this  group  of  workers 
has  been  to  employ  induction  heating  and  by 
repeatedly  switching  the  power  on  and  off.  to  vary 
periodically  the  surface  temperature  of  the  cylinder. 
This  was  the  method  of  Pigal'skaya  et  al.  [51]  and  the 
detailed  theory  of  the  method  is  given  in  a  paper  by 
Filippov  and  Pigal’skaya  [223].  Subsequently, 
Filippov  and  Makarenko  [224]  announced  an  impor¬ 
tant  further  development.  They  showed  that  by  also 
measuring  the  power  which  is  absorbed  by  the  speci¬ 
men  from  the  induction  heating  it  then  becomes 
possible  to  evaluate  the  thermal  conductivity  and 
specific  heat  as  well  as  the  thermal  diffusivity  from 
the  same  set  of  experimental  data  The  surface  emis- 
sivity  can  also  be  determined  This  is  a  major  advance 
as  all  four  quantities  will  apply  to  the  same  sample 
and  sample  conditioa 

The  relevant  equations  are 
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(89) 


where  6  is  the  amplitude  of  the  temperature  fluctua¬ 
tions,  <f>  the  phase  difference  between  the  power 
fluctuations  and  the  temperature,  H  the  power 
absorbed  by  unit  length  of  the  sample,  m  the  modula¬ 
tion  coefficient,  ft  the  modulation  frequency,  R  the 
radius  of  the  sample,  k,  a,  Cp,  and  d  have  the  usual 
meanings,  x  =  R(ft/a)° 5,  and  Thompson  functions 
*P(x)  and  4*,(x)  are  connected  by  the  relationship 

‘P.(x)  =  *P(x)x2/2  (90) 


The  power  H  is  determined  by  measuring  the 
magnetic  field  intensity,  H0,  close  to  the  sample  in 
terms  of  the  electromotive  force  setup  in  a  loop  of 
thin  wire  encircling  the  sample.  This  method  assumes 
the  electromagnetic  field  to  be  uniform  over  the  length 
of  the  sample  and  over  the  radius  in  the  gap  between 


the  induction  coil  and  the  sample.  If  E  is  the  electro¬ 
motive  force  of  the  loop. 


E  =  ia)nnH0UR k  -  R2)  + 


2  Jq  IMry/VrWQrdr 


I0(R^2/y)Ji 


(91) 


and 


2 E2ort3  1  -t[-  tj2/4 

n  [(RJR)2  -  1  +  2»j(l  +  tj2/4)]2 
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(92) 


where  Rk  is  the  radius  of  the  coil,  /0  is  a  Bessel  func¬ 
tion  of  the  first  kind  and  zero  order  expressed  as  a 
Thompson  function,  n  is  the  magnetic  permeability, 
co  is  the  angular  frequency  of  the  generator  of  the 
induction  furnace,  er  is  the  electrical  conductivity, 
y  =  iiiaw/iy  1/2  is  the  effective  thickness  of  the  skin 
layer,  r  is  the  distance  from  the  axis  of  the  sample,  and 
n  =  y/2  R. 

From  the  sample  temperature  fluctuations,  as 
recorded  by  a  contactless  photoelectric  pyrometer 
and  equations  (88)  to  (92),  a,  k,  and  Cp  can  be  deter¬ 
mined.  Also,  at  a  known  mean  temperature,  T  the 
emissivity,  e,  can  be  derived  from  the  equation 

e  =  HJlnRoT*  (93) 

where  H„  is  the  mean  power  over  the  heating  period 
and  a  is  the  constant  of  the  Stefan-Boltzmann  law. 

Use  of  different  values  of  ft  allows  either  a 
combination  of  the  values  of  a.  and  Cp  to  be  obtained, 
so  yielding  k,  or  a  combination  of  ot  and  the  thermal 
activity,  ( kdC„ )l/2,  so  yielding  k  and  Cp.  The  error  in 
the  determination  of  a  is  in  the  range  4  to  8  percent 
and  over  a  wide  variation  of  ft,  it  is  stated  that  k  and 
Cp  can  be  determined  to  within  1  to  3  percent  Deter¬ 
minations  made  on  niobium  at  1660K  are  given  in 
the  paper  and  the  indications  are  that  the  method  is 
being  used  for  similar  determinations  on  other  high- 
melting-point  metals.  The  quoted  results  for  niobium 
show  that  for  four  different  values  of  ft  which  increase 
by  ratios  of  1.3, 1.8,  and  3.0,  the  values  of  a  are  0.243, 
0.246,  0.250,  and  0.248  cm2/sec  and  those  of  k  are 
0.683,  0.687,  0.691,  and  0.699 W cm-1  K'1.  These 
values  of  a  can  be  compared  with  an  earlier  value  of 
0.246  cm2/sec  obtained  for  the  same  sample  with 
alternating  electronic  heating,  the  value  of  k  then 
obtained  being  0.750 W cm*1  K_l.  The  authors  do 
not  comment  on  this  difference  of  7  to  9  percent. 
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H.  Cryogenic  Method  of  Howling,  Mendoza,  and 

Zimmerman 

A  method  designed  for  measurements  at  very 
low  temperatures  of  both  the  thermal  diffusivity  and 
thermal  conductivity  was  developed  by  Howling, 
Mendoza,  and  Zimmerman  [225]  in  1955  and  applied 
to  aluminum  for  the  range  1.7  to  4.1  K.  It  is  interest¬ 
ing  that  the  true  purpose  of  this  work  related  to  the 
subsequent  evaluation  of  the  specific  heat  from  the 
expression  Cp  =  k/<xd,  since  at  very  low  temperatures, 
below  say  1  K,  the  methods  that  were  then  normally 
employed  for  specific  heat  determinations  tended  to 
become  less  suitable.  For  instance,  a  normal  require¬ 
ment  is  for  the  sample  to  be  thermally  isolated,  and 
this  is  a  condition  which  could  not  well  be  met  when 
the  cooling  was  by  adiabatic  demagnetization  and 
the  sample  was  in  contact  with  a  paramagnetic  salt. 
The  development  (Hall  et  al.  [226])  and  fairly  general 
use  of  helium  dilution  refrigerators  has  since  re¬ 
moved  the  thermal  isolation  problem  and  specific 
heats  can  readily  be  measured  down  to  temperatures 
of  about  0.04  K  that  can  readily  be  obtained  by  this 
means. 

The  method  used  by  Howling  et  al.  [225]  was  of 
the  Angstrom  type,  but,  since  short  rods  were  used. 


allowance  was  necessary  for  the  reflection  and  trans¬ 
mission  of  thermal  waves  where  contact  was  made 
with  the  cooling  medium.  At  intervals  along  the  rod 
were  a  heater  and  two  thermometers  having  very 
small  response  times.  The  heater  could  be  operated 
to  provide  either  a  sinusoidal  or  steady  source  of 
power.  In  the  first  mode  frequency  ranges  of  16  to 
1800cps  were  employed  and  the  thermal  diffusivity 
was  determined  from  observation  of  the  velocity  of 
propagation  of  the  thermal  waves  as  deduced  from 
the  phase  difference  or  amplitude  attenuation  for  the 
two  thermometer  locations.  The  steady  heating  of  the 
second  experiment  allowed  the  thermal  conductivity 
to  be  derived  from  the  power  input  and  the  resulting 
temperature  gradient.  Not  only  could  the  specific 
heat  per  unit  volume  be  derived  from  the  ratio  of  k 
to  a,  but  knowledge  of  k  also  proved  helpful  in  assess¬ 
ing  the  net  purity  of  the  sample. 

The  above  work  is  mentioned  as  one  instance  in 
which  Cp  has  been  determined  from  observations  of  a 
and  k,  rather  than  the  more  usual  procedure  of 
deriving  k  from  observations  of  a  and  Cp,  or  of  a 
and  an  assumed  value  for  Cp.  The  original  paper 
should  be  consulted  for  full  details  of  the  experi¬ 
mental  method  and  the  relevant  equations. 


Measurement  of  Thermal  Diffusivity  of  Fluids 


1.  THERMAL  DIFFUSIVITY  OF  LIQUIDS 

Whereas  some  sixty  or  more  works  are  available 
which  describe  methods  used  for  determining  the 
thermal  conductivity  of  water,  during  the  twentieth 
century  relatively  few,  those  ofSoonawala  [227],  Hurt 
et  al.  [228],  Filippov  and  Pashenkova  [229],  and 
Bryngdahl  [230]  deal  with  the  experimental  deter¬ 
mination  of  the  thermal  diffusivity  of  water.  This  is 
fairly  typical  of  the  small  amount  of  direct  experi¬ 
mental  information  contained  in  the  literature  relating 
to  the  thermal  diffusivity  of  fluids.  For  only  a  few 
fluids  have  experimental  determinations  of  thermal 
diffusivity  been  undertaken,  and  hence  correspond¬ 
ingly  few  entries  will  be  found  in  the  data  section 
which  follows.  Should  information  on  the  thermal 
diffusivity  of  liquids  be  required  it  will  often  be  neces¬ 
sary  to  calculate  values  of  a  from  the  equation  a  = 
k/dCy.  In  fact,  if  other  experimental  results  are  to  be 
judged  by  those  of  the  first  two  determinations 
referenced  above,  then  such  a  check  might  with 
advantage  be  applied  to  all  reported  values  for  the 
thermal  diffusivity  of  fluids. 

Both  Soonawala  [227]  and  Hurt  et  al.  [228] 
employed  a  periodic  method  of  the  Angstrom  type, 
the  periodic  heating  being  applied  to  the  surface  of 
a  vertical  column  of  water  and  temperature-time 
curves  obtained  by  means  of  thermocouples  located 
at  two  positions  on  the  axis  and  below  the  surface. 
Soonawala's  derived  thermal  conductivities,  obtained 
near  room  temperature,  were  of  the  correct  order 
of  magnitude,  but  the  six  reported  values  showed  large 
scatter,  the  extremes  being  +  8  and  - 12  percent  from 
the  mean  value.  The  value  which  Hurt  et  al.  [228] 
obtained  was  much  too  small,  being  only  about  one- 
third  of  that  derived  from  k/dCp.  Convection  would 
seem  to  be  a  likely  source  of  trouble,  but  in  neither 
case  does  any  serious  effort  appear  to  have  been 
made  to  determine  the  cause  of  the  uncertainties,  nor 
to  improve  the  method.  The  work  of  Hurt  et  al.  [228] 
was  really  directed  toward  determinations  on  a  few 


oils,  and  as  water  and  some  other  liquids  of  low 
viscosity  gave  low  values,  whereas  for  glycerol  the 
value  agreed  closely  with  that  derived  independently, 
the  method  was  assumed  to  be  suitable  for  these 
more  viscous  oils. 

Filippov  and  Pashenkova  [229]  describe  a 
method  for  liquids  to  which  equation  (28)  applies. 
The  liquid  sample  is  held  in  a  flat  disk -shaped  cell 
and  heated  at  a  constant  rate.  For  this  condition,  the 
temperature  difference  is  observed  for  two  locations 
at  distances  of  x,  and  x2  from  the  middle  of  the  liquid 
layer.  Results  are  given  at  34  C  for  water  and  seven 
organic  liquids  (CH3OH,  CC14,  C6H6,  C6H14, 
C7H16,  CgH1(),  and  ChH,b)  and  these  are  stated  to 
be  within  about  ±5  percent  of  literature  data  for 
the  thermal  diffusivities  of  these  liquids.  Their 
reported  measurement  precision  was  within  4  to 
5  percent. 

The  possibility  of  using  the  initial  transient  of 
the  hot  wire  line  source  method  as  a  means  for  the 
determination  of  thermal  diffusivity  had  been  con¬ 
sidered  by  Weishaupt  [231],  This  was  in  1940,  and, 
with  the  measurement  techniques  then  available,  he 
regarded  the  method  as  not  suitable  for  this  deter¬ 
mination  because  of  overlarge  experimental  uncer¬ 
tainties.  Some  two  decades  later,  Bryngdahl  [230], 
by  the  introduction  of  a  highly  sensitive  optical 
interferometric  method  for  studying  the  time  varia¬ 
tion  of  the  temperature  gradient  set  up  in  a  liquid 
column  by  a  vertical  heated  wire,  was  able  to  make 
thermal  diffusivity  determinations  to  an  estimated 
accuracy  of  about  ±  0.5  percent.  His  determinations 
were  made  on  water,  glycerol,  octyl  alcohol,  and 
castor  oil.  From  the  same  experiment,  but  using  the 
customary  plot  of  temperature  rise  vs  the  logarithm 
of  time  to  give  a  straight  line  of  slope  Q/4nk ,  the 
thermal  conductivity  is  also  obtainable  from  the 
knowledge  of  this  slope  and  the  applied  power  per 
unit  length  of  the  line  source.  Bryngdahl's  values  for 
both  k  and  a  were  in  good  agreement  with  other 
accepted  values. 
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It  is  interesting  to  note  that  for  water  there  is 
good  agreement  between  the  values  of  Bryngdahl 
[230]  and  of  Filippov  and  Pashenkova  [229],  that  of 
the  latter  at  34C  being  5.18  m2/hr  or  1.444  m2/sec, 
while  the  mean  of  three  values  by  Bryngdahl  at  25.5  C 
is  1.464m2/sec. 

A  paper  by  Shashkov  and  San’ko  [232]  also 
considers  the  use  of  the  heated  probe  variable-state 
method  for  the  determination  of  thermal  diffusivities 
as  well  as  of  thermal  conductivities.  The  probe  used 
consisted  of  a  glass  tube  of  0.95  mm  OD,  0.79  mm  ID. 
and  91  mm  length,  containing  liquid  polysiloxane,  a 
heater,  and  a  resistance  thermometer.  The  heater  and 
thermometer  were  each  composed  of  20  lengths  of 
0.07-mm-diameter  insulated  wires,  twisted  together 
to  pack  tightly  into  the  closed-ended  capillary  tube. 
The  heater  was  of  manganin  and  the  thermometer  of 
copper;  the  respective  resistances  were  of  the  order 
of  340  and  8  ohms.  The  paper  contains  details  of  the 
instrumentation  and  of  the  relevant  equations  for 
evaluation  of  k  and  a  for,any  mediunijtrto  which  the 
probe  is  immersed.  The  equajjerrts  involve  three 
constants  but  these  can  be  reduced  to  two  by  assum¬ 
ing  there  is  to  be  no  thermal  resistance  between  the 
probe  heater  and  the  test  medium.  Test  measure¬ 
ments  are  briefly  reported  for  four  fluids,  petroleum 
jelly,  toluene,  glycerol,  and  water.  By  using  glycerol 
and  water  as  reference  fluids  of  assumed  thermal 
properties  to  evaluate  the  constants,  measurements  on 
the  other  two  fluids  are  stated  to  give  thermal  dif- 
fusivity  coefficients  for  which  the  likely  error  was 
thought  to  be  12  to  15  percent. 

Theoretical  analyses  relating  to  variable-state 
methods  available  for  the  determination  of  liquid 
(and  gaseous)  thermal  diffusivities  are  also  found  in 
the  treatise  by  Carslaw  and  Jaeger  [3],  and  in  a  paper 
by  Fischer  [233],  The  latter  deals  both  with  the 
application  of  a  sinusoidal  temperature  wave  to  the 
original  hot-wire  method  of  Schleiermacher  [234] 
and  to  the  normal  hot-plate  method.  One  applica¬ 
tion  of  the  radial  heat-flow  variable-state  method  has 
been  by  van  Zee  and  Babcock  [235]  who  determined 
the  thermal  diffusivities  of  two  samples  of  molten 
glass  for  the  range  700  to  1400  C  from  observations 
of  the  sinusoidal  temperature  and  the  time  lag  for 
heat  transfer  from  the  curved  surface  to  the  axis  of  a 
6.5-in. -diameter  cylindrical  sample.  In  this  work  no 
attempt  was  made  to  separate  the  radiation  compo¬ 
nent  so  this  was  included  in  the  evaluated  data. 

Many  of  the  experimental  determinations  of  a 
will  be  seen  to  relate  to  liquid  metals.  Angstrom  [167] 
included  mercury  at  323  K  in  the  substances  to 


which  his  original  method  was  applied,  and  obtained 
a  thermal  conductivity  value  that  was  only  some  16 
percent  below  the  currently  accepted  value  [14.  16]. 
The  method  was  applied  later  by  Weber  [236]  whose 
results  were  similar.  Also  for  mercury  Istrati  [237] 
used  a  transient  method  in  which  a  previously  heated 
plate  of  iron  was  introduced  to  rest  on  and  cover  the 
top  surface  of  a  column  of  the  liquid  metal.  A  centrally 
disposed  iron  vs  mercury  thermocouple  located  a 
distance  x  below  the  plate  was  used  to  determine  the 
time,  t,  that  elapsed  after  the  plate  had  been  intro¬ 
duced  for  the  temperature  to  reach  a  maximum  value. 
The  thermal  diflusivity,  a,  was  then  calculated  from 
the  equation 


The  thermal  conductivity  value  derived  by  Istrati 
from  the  result  of  these  measurements  agrees  well 
with  the  curve  of  Powell  et  al.  [14]. 

Methods  of  the  Angstrom  type  have  been  used 
more  recently  for  determinations  to  quite  high  tem¬ 
peratures  on  sodium,  potassium,  and  a  78  percent 
potassium- 22  percent  sodium  alloy  by  Novikov  et  al. 

[238]  and  on  lithium  and  sodium  by  Rudnev  et  al. 

[239] , 

Since  in  these  experiments  the  liquid  metal  needs 
to  be  held  in  a  thin-walled  tube,  usually  of  stainless 
steel,  the  thermal  diflusivity  is  calculated  from  the 
equation 

a  =  a*(l  +  A)  (95) 


where  a*  is  the  measured  thermal  diflusivity  for  the 
liquid  metal  and  its  container  and  A  is  a  correction 
factor  given  b\ 


A  = 


t 

d2CP2A2\ 


(96) 


where  </,,  CPI,  A, ,  and  a,  are  the  density,  specific 
heat,  cross-sectional  area,  and  thermal  diflusivity  of 
the  container  and  d2 ,  CP1 ,  and  A2  are  the  correspond¬ 
ing  parameters  for  the  liquid  metal  under  investiga¬ 
tion.  In  this  technique  the  amplitude  ratio  and  phase 
shift  of  the  temperature  waves  are  usually  measured 
by  thermocouples  welded  at  two  points  on  the  tube. 
As  with  all  such  measurements  on  fluids,  the  avoid¬ 
ance  of  convection  is  essential,  and  for  this  purpose 
special  baffles  are  often  installed.  In  the  radial-wave 
method  of  Yurchak  and  Filippov  [220]  and  Filippov 
[177]  the  liquid  metal  was  contained  in  a  vertical 
cylindrical  vessel  of  tantalum  of  8  mm  internal 
diameter  and  23.6  mm  external  diameter,  fitted  with 
horizontal  baffles  of  0.1 -mm  tantalum  sheet,  spaced 
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10  to  15  mm  apart.  In  the  course  of  their  determina¬ 
tions  on  liquid  lead  to  1355  K,  tin  to  1600  K,  bismuth 
to  about  1023  K,  and  cadmium,  a  range  of  frequencies 
was  used  for  periodic  heating  applied  either  to  the 
internal  or  to  the  external  curved  surfaces  and 
consistent  results  were  obtained  both  from  the 
observed  amplitude  of  the  temperature  oscillations 
at  two  radial  distances  and  from  the  phase  difference 
between  them.  A  similar  method  has  been  used  by 
Mardykin  and  Filippov  [40]  for  determinations  on 
liquid  copper  and  antimony.  Filippov  [177]  has 
discussed  the  possible  sources  of  error,  and  an  accu¬ 
racy  of  4  percent  has  been  claimed.  He  does  not, 
however,  appear  to  mention  any  correction  to  allow 
for  the  baffles  that  were  present. 

These  Russian  measurements  have  been  com¬ 
mented  on  by  Powell  [240, 241]  since  they  yield  results 
which  are  in  marked  disagreement  with  prevailing 
ideas  that  the  thermal  conductivities  of  most  molten 
metals  can  be  estimated  with  a  fair  amount  of  cer¬ 
tainty  from  the  electrical  resistivity  and  an  assumed 
value  for  the  Lorenz  function  close  to  the  theoretical 
value.  Indeed,  on  this  basis,  Grosse  [242]  had  pre¬ 
dicted  the  thermal  conductivities  of  several  liquid 
metals  right  up  to  their  critical  points.  At  1000  K  the 
Lorenz  functions  as  determined  by  Filippov  [177]  for 
tin  and  lead  are,  respectively,  about  25  and  1 1  percent 
below  the  theoretical  value  and  still  appear  to  be 
decreasing  with  further  increase  in  temperature. 
Similar  behavior  is  also  noticed  for  thermal  conduc¬ 
tivity  determinations  made  on  gallium  by  Yurchak 
and  Smirnov  [243]  using  quite  a  different  method,  a 
modification  of  the  necked-down-sample  method,  and 
in  the  results  of  measurements  for  lead  and  for 
indium  by  Duggin  [244,  245]  at  the  Australian 
National  Standards  Laboratory. 

There  is  a  strong  need  at  the  present  time  for 
both  theoretical  and  careful  experimental  investiga¬ 
tions  in  this  field,  which  will  help  to  determine  the 
true  temperature  behavior  of  the  Lorenz  functions 
on  liquid  metals.  It  would  seem  that  thermal  dif- 
fusivity  determinations  could  play  an  important  role 
in  these  investigations  since  they  can  be  operated 
with  only  small  temperature  oscillations  and  do  not 
require  exact  knowledge  of  the  amount  of  energy 
supplied. 

2.  THERMAL  DIFFUSIVITY  OF  GASES 

Still  fewer  determinations  have  been  reported 
for  the  thermal  diffusivity  of  gases,  for  which  many 
of  the  same  methods  are  clearly  applicable. 


Bomelburg  [246]  described  a  set  of  measure¬ 
ments  to  determine  the  thermal  diffusivity  of  atmo¬ 
spheric  air.  These  are  based  on  measuring  the  phase 
angle  of  periodic  waves  generated  by  a  wire  when 
heated  by  an  alternating  electric  current.  The  sinu¬ 
soidal  temperature  wave  spreading  out  into  space  is 
picked  up  by  another  fine  diameter  heated  wire 
which  acts  as  a  rapid-response  resistance  thermom¬ 
eter  and  allows  the  amplitude  and  phase  of  the 
received  waves  to  be  determined.  The  thermal  dif¬ 
fusivity  can  be  derived  from  the  fact  that  a  plot  of 
the  phase-lag  <t>  vs  the  distance  between  the  axes  of 
the  two  parallel  wires  yields  a  straight  line.  This 
phase  difference,  <p{  -  <t>2  for  two  spacings,  r,  and  r2 . 
is  expressed  by  the  equation 

4>\  ~  <t>i  =  (r i  -  G)|^j  ,97) 

In  Bomelburg ’s  experiment,  the  hot  transmitting 
wire  was  10  fi  in  diameter  and  the  receiving  wire  1  /j. 
Both  were  of  platinum  and  had  lengths  of  1  mm. 

A  rather  different  technique  was  used  by  Harrison 
[247]  for  determinations  on  water  vapor  and  by 
Harrison  et  al.  [248]  for  nitrogen.  This  method 
involved  imposing  a  sinusoidal  temperature  wave  in 
the  wall  of  a  cylindrical  tube  and  measuring  the  phase 
shift  between  the  response  curves  obtained  at  posi¬ 
tions  near  the  tube  wall  and  at  the  axis.  The  electrical 
resistances  of  platinum  wires  were  again  used  to 
record  the  temperature  fluctuations  at  these  locations. 
Accuracy  appeared  to  be  of  the  anticipated  order 
near  room  temperature,  but  the  need  for  further 
refinements  became  apparent  at  higher  temperatures 
since  the  value  at  500  C  proved  to  be  high  by  a  factor 
of  about  two.  Troubles  due  to  radiation  and  convec¬ 
tion  seemed  likely. 

A  more  promising  method,  reported  by  Westen- 
berg  and  de  Haas  [249],  has  been  applied  to  nitrogen 
for  the  range  300  to  1 100  K  and  is  claimed  to  have  a 
precision  of  ±  2  percent  and  to  give  derived  thermal 
conductivity  data  in  good  agreement  with  the  main 
literature  values.  This  is  a  line-source  method,  in 
which  the  line  source  is  mounted  to  lie  at  right  angles 
to  a  laminar  stream  of  uniformly  heated  gas  that  is 
flowing  over  the  wire  with  a  uniform  velocity,  r. 
Three  methods  were  studied  for  the  derivation  of  the 
thermal  diffusivity  from  observations  of  temperature 
measurements  made  in  the  wake  downstream  of  the 
heated  line  source.  The  method  finally  adopted  was 
one  which  did  not  require  a  knowledge  of  the  power 
dissipated,  and  hence  could  be  applied  to  high 
temperatures  without  complications  arising  from 
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radiation  and  end  losses.  All  that  is  required  is  for 
differential  thermocouple  observations  to  be  ob¬ 
tained  in  a  plane  at  a  series  of  distances  x  downstream 
of  a  heated  wire  located  along  the  z  axis.  This  enables 
a  plot  of  the  increase  in  gas  temperature,  A T,  due  to 
the  power  generated  in  the  line  source  to  be  plotted 
for  each  value  of  x  against  the  corresponding  y 
coordinate.  From  this  plot  the  distances  rh,  equal  to 
(x*  +  i’*)1'2  and  corresponding  to  the  position  x„,  yh 
for  which  AT  =  ATJ2,  are  obtained,  where  ATm 
is  the  maximum  temperature  in  each  transverse  plane 
at  a  height  x  above  the  wire.  The  thermal  diffusivity 
is  then  calculated  from 


The  term  in  brackets  should  be  a  constant  for  each 
series  of  measurements,  a  fact  which  is  of  assistance 
in  determining  the  effective  origin  of  the  symmetrical 
temperature  profile.  The  only  other  quantity  that  is 
required  is  the  gas  velocity  and  Westenberg  and 
de  Haas  devised  a  novel  method  for  the  measure¬ 
ment  of  low-speed  gas  velocities  of  the  order  of 
100  cm/sec  which  required  the  heated  wire  that  pro¬ 
vided  the  line  source  to  be  pulsed  with  a  low-frequency 
signal  of  about  100  cps  and  the  phase  of  this  signal 
to  be  observed  for  two  downstream  positions  a 
known  distance  apart.  The  sensing  probe  consisted 
of  1-mil  Pt-Ag  Wollaston  wire  with  the  silver  dis¬ 
solved  off  over  a  short  central  length  to  expose  the 
0.1-mil  core.  This  was  mounted  on  the  same  support 
as  the  traversing  thermocouple  and  could  be  moved 
into  position  downstream  of  the  source  wire.  Small 
amounts  of  heating  of  the  0.5-mil  platinum  wire  line 
source  were  used  to  keep  negligible  any  viscosity  and 
convection  effects.  Appropriate  power  supplies  were 
40  mA  of  100  cps  AC  superimposed  on  25  mA  of 
DC.  The  wire  was  mounted  about  0.1  in.  above  a 
series  of  precision  screens  which  served  to  give  a 
uniform  laminar  velocity  to  the  stream  of  gas  (nitro¬ 
gen)  issuing  from  a  1.4-in.-diameter  furnace  tube. 

3.  USE  OF  PRANDTL  NUMBER  TO 

ESTIMATE  THERMAL  DIFFUSIVITY  OF 
FLUIDS 

In  connection  with  the  thermal  diffusivity  of 
fluids  it  might  be  useful  to  recollect  that  the  dimen¬ 
sionless  group  known  as  the  Prandtl  number,  Pr,  is 
given  by 

Pr  =  v/at  =  r\CJk  (99) 

where  v  is  the  kinematic  viscosity. 


Hence  it  is  possible  to  calculate  a  from  a 
knowledge  of  the  ratio  of  these  two  parameters,  v/Pr. 
Furthermore,  since,  according  to  simple  kinetic 
theory,  the  value  of  Pr  for  simple  low-pressure  gases 
is  2/3  and  is  independent  of  temperature,  it  follows 
that  for  these  monatomic  gases  a  =  1.5  v.  For  linear 
nonpolar  gases,  nonlinear  nonpolar  gases,  highly 
polar  gases,  and  for  steam  or  ammonia  the  numerical 
coefficient  decreases  to  about  1.37,  1.27, 1.16,  and  1.0, 
respectively.  Useful  guidance  on  the  estimation  of 
viscosity  q  and  of  Pr  can  be  obtained  from  a  series  of 
papers  by  Gambill  [250]. 

Eckert  and  Irvine  [251]  describe  a  method  for 
determining  the  Prandtl  number  of  a  gas  which 
makes  use  of  the  fact  that  a  unique  relation  Pr  =  r2 
exists  between  this  quantity  and  the  recovery  factor  for 
laminar  high-velocity  boundary  layer  flow.  From 
temperature  measurements  made  in  the  high-velocity 
gas  flow  through  a  rotationally  symmetrical  nozzle 
and  in  a  region  of  low  gas  flow  they  are  able  to 
determine  Pr.  For  air  at  atmospheric  pressure  and 
for  the  temperature  range  60  F  to  350  F  the  values  so 
obtained  are  considered  accurate  to  ±0.5  percent. 
These  workers  then  derived  the  thermal  conduc¬ 
tivity  from  the  relation  k  =  rjCJPx  using  literature 
values  for  r\  and  Cp.  They  regarded  these  values  as 
of  greater  accuracy  than  that  of  some^direct  deter¬ 
minations.  From  the  same  data  the  thermal  diffusiv¬ 
ity,  a,  could  equally  well  have  been  derived  by  using 
a  -  rj/dPr. 

In  the  case  of  liquids,  values  of  Pr  vary  consider¬ 
ably  and  r\  is  a  strong  function  of  temperature. 
Denbigh  [252]  has  suggested  me  following  relation : 

.  „  A//  , 

logi0Pr  =  a—  -  b  (100) 

where  the  logarithm  is  to  base  10,  R  is  the  gas  constant, 
T  is  the  temperature  in  degrees  K,  AH  is  the  molal 
latent  heat  of  vaporization  at  the  boiling  point,  and  a 
and  b  are  constants.  This  expression  may  be  of  value 
in  certain  cases,  but  should  be  used  with  caution,  since 
some  quite  large  departures  were  apparent.  With  the 
thermal  quantities  expressed  in  calories,  Denbigh 
found  that  for  water  a  =  0.2,  and  b  =  -1.8.  Some¬ 
what  different  constants  appear  necessary  for  organic 
liquids  and  it  seems  likely  that  some  advantage  could 
result  from  the  use  of  different  values  for  different 
groups  of  liquids.  It  should  also  be  noted  that  Denbigh, 
when  deriving  values  of  Pr,  used  thermal  conduc¬ 
tivity  data  which  are  believed  to  have  been  of  low 
accuracy. 
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Data  Presentation  and  Related  General 
Information 


.  1.  SCOPE  OF  COVERAGE 

Presented  in  this  volume  are  the  thermal  diffu- 
sivity  data  for  75  elements,  63  alloy  systems,  86 
compounds  and  mixtures,  and  many  entries  of  other 
kinds  of  materials  including  composites,  glasses, 
minerals,  polymers,  and  foods  and  biological  mate¬ 
rials.  These  data  were  obtained  by  processing  over  800 
research  documents  on  thermal  diffusivity  dated 
from  1861  to  1970,  of  which  310  contain  usable  data. 
Materials  within  each  group  are  arranged  in  alpha¬ 
betical  order  by  name,  as  listed  in  the  Grouping  of 
Materials  and  List  of  Figures  and  Tables  in  the  front 
of  the  volume.  In  all,  this  volume  reports  1733  sets  of 
data  on  445  materials,  which  are  listed  in  the  Material 
Index  at  the  end  of  the  volume. 

The  data  for  the  elements  have  been  critically 
evaluated,  analyzed,  and  synthesized,  and  recom- 
j  mended  reference  values  or  provisional  values  for  each 

I  element  are  presented.  Experimental  thermal  dif¬ 

fusivity  data  are  available  in  the  world  literature  for 
only  39  elements.  However,  the  recommended  or 
provisional  values  are  given  in  this  volume  for  75 
elements.  Since  the  available  experimental  thermal 
diffusivity  data  for  most  of  these  39  elements  often 
cover  only  a  small  temperature  range,  most  of  the 
recommended  or  provisional  thermal  diffusivity  values 
were  therefore  first  derived  from  the  recommended 
values  of  thermal  conductivity  [311],  selected  values 
of  specific  heat  [312-315],  and  selected  values  of 
|  density  or  calculated  density  values  from  thermal 

j  expansion  data,  and  then  compared  with  the  critically 

1  evaluated  experimental  thermal  diffusivity  data,  when¬ 

ever  available,  to  generate  the  final  values  given  in  this 
!  volume.  Future  editions  of  this  volume  will  contain 

1  recommended  values  for  an  increasing  number  of 

materials. 


/ 


2,  PRESENTATION  OF  DATA 

The  thermal  diffusivity  data  and  information  on 
test  specimens  for  each  material  are  generally  pre¬ 
sented  in  three  sections  arranged  in  the  following 
order:  Original  Data  Plot,  Specification  Table,  and 
Data  Table.  For  the  elements,  a  Graph  and  Table  of 
Recommended  Values  for  each  element  is  added  to 
be  the  first  section  preceding  the  Original  Data  Plot. 
However,  for  each  of  those  elements  for  which  no 
experimental  data  are  available,  this  graph  and  table 
of  recommended  (or  provisional)  values  is  the  only 
page  presented.  Furthermore,  for  a  number  of 
materials  for  which  there  exists  only  a  small  number 
of  data,  the  Original  Data  Plot  may  be  omitted. 

The  Original  Data  Plot  is  a  full-page  linear  scale 
graphical  presentation  of  the  original  thermal  dif¬ 
fusivity  data  as  a  function  of  temperature.  When 
several  sets  of  data  are  too  close  together  to  be 
distinguishable,  some  of  the  data  sets  may  be  omitted 
from  the  plot  for  the  sake  of  clarity.  They  are,  how¬ 
ever,  presented  in  the  Specification  Table  and  Data 
Table. 

The  Specification  Table  provides  in  a  concise 
form  the  comprehensive  information  on  the  test 
specimens  for  which  the  data  are  reported.  The  curve 
numbers  in  the  Specification  Table  correspond  exactly 
to  the  numbers  which  also  appear  in  the  Original 
Data  Plot  and  in  the  Data  Table.  The  Specification 
Tables  gives  for  each  set  of  data  the  reference  number 
which  corresponds  to  the  number  in  the  list  of 
References  to  Data  Sources,  the  authors  of  the  publi¬ 
cation,  the  year  of  publication  of  the  data,  the  tem¬ 
perature  range,  the  reported  estimate  of  error  of  the 
data,  the  particular  name  of  the  material  other  than 
that  appearing  in  the  title  of  the  table  and  the  speci¬ 
men  designation,  and  the  specimen  composition. 
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characterization,  and  test  conditions.  The  informa¬ 
tion  of  the  last  category,  which  is  reported  to  the 
extent  provided  in  the  original  source  document, 
includes  the  following : 

(1)  purity,  chemical  composition 

(2)  type  of  crystal,  crystal  axis  orientation 

(3)  microstructure,  grain  size,  inhomogeneity, 
and  additional  phases 

(4)  specimen  shape  and  dimensions,  method 
and  procedure  of  fabrication 

(5)  thermal  history  and  cold  work  history,  heat 
treatment,  mechanical,  irradiative,  and  other 
treatments 

(6)  manufacturer  and  supplier,  stock  number, 
and  catalog  number 

(7)  test  environment,  degree  of  vacuum  or  pres¬ 
sure,  heat  flow  direction 

(8)  pertinent  physical  properties  such  as  den¬ 
sity,  porosity,  hardness,  electrical  resistivity 
(residual,  ratio,  and  temperature  variations), 
Lorenz  function,  transition  temperatures, 
etc. 

(9)  form  in  which  the  extracted  data  are  pre¬ 
sented  in  the  original  source  document  other 
than  raw  data  points 

(10)  additional  information  obtained  directly 
from  the  author 

Unfortunately,  in  the  majority  of  cases  the  authors 
do  not  report  in  their  research  papers  all  the  neces¬ 
sary  pertinent  information  to  fully  characterize  and 
identify  the  materials  for  which  their  data  are  reported. 
This  is  particularly  true  for  the  authors  of  earlier 
investigations.  Consequently,  the  amount  of  informa¬ 
tion  on  specimen  characterization  reported  in  the 
Specification  Tables  varies  greatly  from  specimen  to 
specimen. 

In  the  Data  Table,  tabular  presentation  is  given 
for  all  the  data  described  in  the  Specification  Table 
and  shown  or  not  shown  in  the  Original  Data  Plot. 
Attempts  have  often  been  made  to  contact  the 
authors  for  tabular  data  whenever  the  original  data 
are  given  in  the  research  paper  only  in  a  figure  too 
small  to  allow  accurate  data  extraction  compatible 
with  the  reported  accuracy  of  the  measurement. 

The  recommended  or  provisional  values  for  each 
element  are  presented  also  in  both  graphical  and 
tabular  formats  in  a  separate  graph  and  table  preced¬ 
ing  the  Original  Data  Plot.  Special  remarks  on 
material  characterization  and  identification  and  the 
estimated  accuracy  of  the  values  are  noted  in  the  table. 


In  this  volume,  the  thermal  diffusivity  data  are 
presented  in  cm2/sec,  and  the  temperatures  in  kelvins. 
To  convert  the  values  given  in  cm2/sec  to  values  in 
other  units,  the  conversion  factors  for  units  of  thermal 
diffusivity  given  in  the  table  may  be  used. 

3.  CLASSIFICATION  OF  MATERIALS 

The  classification  scheme  as  shown  in  the  table 
for  the  elements,  alloys,  compounds,  and  mixtures  is 
based  strictly  upon  the  chemical  composition  of  the 
material.  This  scheme  is  mainly  for  the  convenience 
of  materials  grouping  and  data  organization,  and  is 
not  intended  to  be  used  as  basic  definitions  for  the 
various  material  groups. 

4.  SYMBOLS  AND  ABBREVIATIONS  USED 
IN  THE  FIGURES  AND  TABLES 

Symbols  and  abbreviations  used  in  the  figures 


and/or  tables  are  as  follows : 

atm 

Atmosphere 

b.c.c. 

Body-centered  cubic 

c. 

Cubic 

cm 

Centimeter 

c.p.h. 

Close-packed  hexagonal 

C.T. 

Critical  temperature 

d 

Density 

d. 

Diamond  (crystal  structure) 

Decomp. 

Decomposition 

f.c.c. 

Face-centered  cubic 

f.c.t. 

F ace-centered  tetragonal 

g 

Gram 

h. 

Hexagonal 

hr 

Hour(s) 

ID. 

Inside  diameter 

in. 

Inch(es) 

Max. 

Maximum 

Min. 

Minimum 

M.P. 

Melting  point 

monocl. 

Monoclinic 

NTP 

Normal  temperature  and  pressure 

O.D. 

Outside  diameter 

orthorh. 

Orthorhombic 

r. 

Rhombohedral 

s 

Second 

S.C. 

Superconducting 

Subl. 

Sublimation 

T 

Temperature 

t. 

Tetragonal 

Temp. 

Temperature 

T.P. 

Transition  point 
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Conversion  Factors  for  Units  of  Thermal  Diffusivity 


MULTIPLY 
by  appropriate 
factor  to 
OBTAIN  — » 

cm2/sec 

cm2/hr 

m2/sec 

m2/hr 

in.2/sec 

ft2  sec 

ft2  hr 

cm2/sec 

1 

3.6  x  I03 

I  x  I0'4 

3.6  x  10' ’ 

1.55000  x  10' 1 

1.07639  x  10" 3 

3.87501 

cm2/hr 

2.77778  x  10“ 4 

1 

2.77778  x  10'" 

1  X  10‘4 

4.30556  x  10' 5 

2.98998  x  10' 7 

1.07639  x  10  3 

m2/sec 

1  x  10* 

3.6  x  10’ 

1 

3.6  x  I03 

1.55000  x  I03 

10.7639 

3  87501  x  I04 

m2/hr 

2.77778 

1  x  104 

2.77778  x  I0'4 

1 

4.30556  x  10' 1 

2.98998  x  10' 3 

10.7639 

in.2/sec 

6.45160 

2.32258  x  I04 

6.45160  x  I0'4 

2.32258 

1 

6.94444  x  I0'3 

25 

ft2/sec 

9.29030  x  I02 

3.34451  x  10“ 

9.29030  x  10' 2 

3.34451  x  I02 

1.44  x  102 

1 

3.6  x  !03 

ft2/hr 

2.58064  x  10  1 

9.29030  x  I02 

2.58064  x  10' 5 

9.29030  x  10' 2 

4  x  102 

2.77778  x  10' 4 

I 

Vit.  Vitreous 

a  Thermal  diffusivity 

p  Electrical  resistivity 

p  Micro 

>  Greater  than 

<  Less  than 

~  Approximately 

(D  Curve  number 

0]  Single  data  point  number 


5.  CONVENTION  FOR  BIBLIOGRAPHIC 
CITATION 

For  the  following  types  of  documents  the  biblio¬ 
graphic  information  is  cited  in  the  sequences  given 
below. 

Journal  Article 

a.  Authors) — The  names  and  initials  of  all 
authors  are  given.  The  last  name  is  written 
first,  followed  by  initials. 

b.  Title  of  article. 

c.  Journal  name — The  abbreviated  name  of  the 
journal  as  used  in  Chemical  Abstracts  is  given. 

d.  Series,  volume,  and  number — If  the  series  is 
designated  by  a  letter,  no  comma  is  used 
between  the  letter  for  series  and  the  numeral 
for  volume,  and  they  are  underlined  together. 
If  the  series  is  also  designated  by  a  numeral, 
a  comma  is  used  between  the  numeral  for 


series  and  the  numeral  for  volume,  and  only 
the  numeral  representing  volume  is  under¬ 
lined.  No  comma  is  used  between  the  numerals 
representing  volume  and  number.  The  numeral 
for  number  is  enclosed  in  parentheses. 

e.  Pages — The  inclusive  page  numbers  of  the 
article  are  given. 

f.  Year — The  year  of  publication. 

Report 

a.  Authoqs) 

b.  Title  of  report 

c.  Name  of  the  responsible  organization 

d.  Report,  or  bulletin,  circular,  technical  note,  etc. 

e.  Number 

f.  Part 
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h.  Year 

i.  ASTIA's  AD  number— This  is  given  in  square 
brackets  whenever  available 


Book 

a.  Authors) 

b.  Title 

c.  Volume 

d.  Edition 

e.  Publisher 

f.  City,  state — Address  of  the  publisher 

g.  Pages 

h.  Year 
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6.  CRYSTAL  STRUCTURES,  TRANSITION 
TEMPERATURES,  AND  PERTINENT 
PHYSICAL  CONSTANTS  OF  THE 
ELEMENTS 

The  table  on  the  following  pages  contains 
information  on  the  crystal  structures,  transition 
temperatures,  and  certain  pertinent  physical  constants 
of  the  elements.  This  information  is  very  useful  in 
data  analysis  and  synthesis.  For  example,  the  ther¬ 
mal  diffusivity  of  a  material  generally  changes 


abruptly  when  the  material  undergoes  any  trans¬ 
formation.  One  must  therefore  be  extremely  cautious 
in  attempting  to  extrapolate  the  thermal  diffusivity 
values  across  any  phase,  state,  magnetic,  or  supercon¬ 
ducting  transition  temperature,  as  given  in  the  table. 

No  attempt  has  been  made  to  critically  evaluate 
the  temperatures/constants  given  in  the  table  and 
they  should  not  be  considered  recommended  values. 
This  table  has  an  independent  series  of  numbered 
references  which  immediately  follows  the  table. 
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SPECIFICATION  TABLE  1.  THERMAL  DIFFUSIVITY  OF  ALUMINUM 
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THERMAL  DIFFUSTVITY  OF  ALUMINUM  (continued) 
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FIGURE  AND  TABLE  2R.  PROVISIONAL  THERMAL  DIFFUSIVITY  OF  ANTIMONY 


Values  below  100  K  are  merely  typical  values. 

In  temperature  range  where  no  experimental  data  are  available. 


SPECIFICATION  TABLE  2.  THERMAL  DIFFU8IV1TY  OF  ANTIMONY 


*  No  flfore  given. 


FIGURE  AND  TABLE  3R.  PROVISIONAL  THERMAL  DfFFUSIVITY  OF  ARSENIC 
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All  values  are  estimated. 


PROVISIONAL  THERMAL  D1FFUS1V1TY  OF  BARIUM 
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The  provisional  values  are  for  well-annealed  high-purity  barium  and  should  be  good  to 

±25%. 


FIGURE  AND  TABLE  5R.  PROVISIONAL  THERMAL  DIFFUSIVITY  OF  BERYLLIUM 


All  values  are  estimated. 


FIGURE  AND  TABLE  6R.  RECOMMENDED  THERMAL  DIFFUSIVITY  OF  BISMUTH 
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*In  temperature  range  where  no  experimental  data  are  available. 
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DATA  TABLE  8.  THERMAL  MFFUSIV1TY  OF  BISMUTH 
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FIGURE  AND  TABLE  7R.  PROVISIONAL  THERMAL  DIFFUSIVITY  OF  BORON 
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All  values  are  estimated  and  those  below  200  K  are  merely  typical  values. 


FIGURE  AND  TABLE  8R.  RECOMMENDED  THERMAL  DIFFUSIVITY  OF  CADMIUM 


an<l  0.000112  4O  c  m,  respectively. 


FIGURE  AND  TABLE  9R.  PROVISIONAL  THERMAL  DIFFUSIVITY  OF  CALCIUM 


*hII  values  are  estimated. 
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TEMPERATURE.  K  FIGURE  10 


DATA  TABLE  10.  THERMAL  DIFFUSIVITY  OF  CAB  BON  (AMORPHOUS) 


Not  shown  in  figure. 


FIGURE  AND  TABLE  UR.  TYPICAL  THERMAL  D1FFUS1V1TY  OF  DIAMOND 
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The  3  sots  of  thermal  diffusivity  values  only  represent  3  typical  curves  serving  to  indicate 
the  general  trend  of  the  thermal  diffusivity  of  the  three  types  of  diamond. 


FIGURE  AND  TABLE  12R.  RECOMMENDED  THERMAL  DIFFUSIVITY  OF  ATJ  GRAPHITE 
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THERMAL  DIFFUSrVITY  OF  MISCELLANEOUS  GRAPHITES  (continued) 
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SPECIFICATION  TABLE  16.  THERMAL  DIFFUSIVITY  OF  CHROMIUM 
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FIGURE  AND  TABLE  17R.  RECOMMENDED  THERMAL  DIFFUSIV1TY  OF  COBALT 


Values  above  1000  K  are  provisional. 

In  temperature  range  where  no  experimental  data  are  available. 


TEMPERATURE,  K  FIGURE  17 


SPECIFICATION  TABLE  17.  THERMAL  DIFFUSIVITY  OF  COBALT 
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SPECIFICATION  TABLE  18.  THERMAL  DIFFUSIV1TY  OF  COPPER 
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1958  611-1223  Above  specimen  allowed  to  cool  in  chamber  after  being  heated  during  above  measure¬ 

ments;  exposed  to  the  arc  to  measure  diffusivity  again. 
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SPECIFICATION  TABLE  18.  THERMAL  DIFFUSIVITY  OF  COPPER  (continued) 
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75*  195,  Hirachman,  A..,  et  a].  1961  473-829  Disk  specimen  0.65  cm  in  diameter  and  0.305  cm  thick. 


SPECIFICATION  TAELE  18.  THERMAL  DIFFUSIVITY  OF  COPPER  (continued) 


Not  shown  in  figure. 


DATA  TABLE  18.  THERMAL  DIFFUSIVITY  OF  COPPER 


F 


60 


€ 


a 

6 


O 

i 

o 


V 

£ 

a 

a 


| 

cn 

tfi 

5 

1 

H 

<D 

H 

US 

H 


®  CO  to  05  N  N 
QO  O  H  CO  CO  H 
CO  ifi  !D  ^  lO  V 

d  o  o’  ©  o'  o 


«NNNNN 


(OOOOOOOOOf'  QtH 


NNNNNNNNNNNNN 

•h  ad  <h  d  c-’  eg  d  c-  o’  V  ih*  h"  ed 
HNn®HViflooHon» 
COC'OOOOOIOIOOHhNNN 


xi  9iniou)ioo 

xa5®m-iXinai<t 

xooxxxxxt> 
o'  -4  -I  o  ©  o  o'  d  o 


SNint'Ot'iOMn 
HOCOlflOlfllfit 
XinOOCOC-t-C-X 


OlOtOlOO 

CO  CO  ^  5  05 

0)  ao  05  o>  t>' 
dodo© 


t»  t*  n  n  n 

eg  ©  o  -h 

lO  CO  <o  t*  [• 


<  rH  o  O  O  O 


eg  eg  eg  eg  eg  eg 

ao"  in  eg  <75  x  c-’ 
eg  x  co  eg  -v  m 
nn^nocot' 


«H  ph  ph  o  o  o 


eg  eg  eg  eg  eg  eg 

(onccoioio 
eg  m  <o  h  eg 
nnioiocof- 


Seg^n^^toxegeg® 
XMJKflicnot'X® 

o’oooooooooo 


xxxxxxxxxxx 

Q  H  PC  O  f*  V  O >  ©  X  w  g> 
io®H»i,®>-inv®C'® 

ooHHHNcgcgNcgeg 


coMocgNcon<>io 

N’ft'WHOf'nwo 

pHt-X^’t'Xl'-Xt^C- 

phOOOOOOO©© 


cgegegegcgcgcgcgcgcg 

**<  oj  t  o>  eg  x  ©  ph  ©  *n 
H^oegioegub®H« 
te  to  i  -  n  c>  ®  ®  ®  ai  ft 


>  tt  x  m  x  c-  x  *h 


OOftftXXXN^f.  ^ 

-<  o  ©  ^ 

pH  ©  ©  O  X  X  X  1/3 

ph  pH  ©  ©  ©  ©  ©  JO©  W 

,_|  H  pH  pH  O  O  O  ^ 

U 

W 

w 

> 

> 

incct-®o5rtcg{^tf3i  ® 

eg  eg  eg  ® 

eg  eg  eg  eg  eg  eg  eg  ® 

cot-xooegxvxo  o 

XXX  Li 

o  o  d  o  X  o  X  CJ 

coc'CO<ftHNnvK)H 

pH  pH  pH  X  X  lf5  X 

nvioco®cnoHcgn 


eo  ^  w  w  co  ® 


_^(r^_^H^OOO 


cgcgegcgegegegcgcg 

■vcgcnnnnnon 

egcgNcgr*egt»egf- 

mr'riomcDiDC'C- 


^HCbf*®c* 
ncg®®cop)rtC' 
0035(J)05(ft  (ft® 

hhOOOOOO 


CO  t-  CO  CO  t'  05  t*  O) 

'fiflincocor-t'® 


(ON®Ht-ircocg 

g’C'OicgvnHt- 

XXXftftftft® 

oooooddo 


c^— 'C-^-«C75rO<750 


05  X  O 

o’  O  o’ 


*n  en  m 

HlljcD 

I0C0  05 


pH.-f,HOOO©©© 


egrgcgcgegcgegegcg 

cgcewcoi'®  oioo 


X  t- 

d  o 


'*•  * 

g* 

*  * 

«n  x  c-  #. 

X  O  X  j- 

X  x  'F  * 

X  X  t—  yjl 

X  x  x  # 

x  x  * 

f-  o 

pH 

x  C-  X  eg 

XX|-  £j 

®  x  t-  i>3 

®  x  t> 

©  " 
w 
> 

d  01 

U 

> 

o  o  o  ^ 
W 
> 

o  o  o  ^ 

w 

> 

o  o  o  ^ 
W 
> 

odd  N 
u 
> 

o  o  o  N 
W 
> 

eg  ® 

«  “ 

eg  eg  eg  ® 

eg  eg  eg  K 

eg  eg  eg  ® 

XXX  ® 

XXX  ® 

eo  o 

o 

n  U 
o 

pH 

od  ed  ao  q 
ncccg 
x  o  x 

fH  pH 

x  x  ®  rj 

x  x  eg 

x  o  eg 

fH  *H 

CD  X  CD  Q 

XXX 

X  o  X 

XXX  rj 

XXX 

X  O  X 

H  fH 

ad  x  x  rj 
XXX 

X  O  X 

eo  x 
<c  eg 
o  eg 


X  X  •“< 
XXX 

X 

X  X  CO 

X  t-  0O 

X 

XXX 

X  t-  t- 

X  ph 

X  c-  t- 

m 

X 

X 

O  X 
c-  t- 

« 

X 

x  x 

X  t- 

c— 

3S 

X 

o 

t- 

odd 

« 

> 

odd 

u 

> 

odd 

w 

> 

o  o  o 

U 

> 

o 

o  d 

M 

> 

o*  o* 

W 

> 

o  o 

« 

> 

o 

XXX 

OS 

P 

XXX 

OS 

p 

XXX 

PS 

p 

XXX 

OS 

3 

X 

X  X 

K 

p 

X  X 

K 

p 

X  X 

OS 

p 

X 

x  x  ed 
x  r-  c- 
X  X  o 

fH 

O 

XXX 

x  o  t- 
X  X  o 

V 

XXX 
M  t  t 
X  X  o 

H 

O 

e?  t  £* 

X  00  o 

pH 

O 

S3 

X 

ed  ed 

t-  t- 

x  o 

U 

ed  ed 
x  t- 
X  o 

PH 

U 

sis 

X  o 

ph 

w 

ed 

c- 

o 

fH 

5 

.  .  e- 
°  °  W 

pH  H  y 

PH  O  O  O  O  O  y 

> 

> 

> 

u 

OS 

os 

os 

> 

xx  p 

xx  p 

X  X  X  X  X  X  p 

« 

ad  oo  U 

ad  ad  W 

H  D 

pH 

+  r* 

m  x  x  x  x 

x  x  x  x  x  c-  < 
dddddoooooe 


H  H  H  O  O  O 

eg  eg  eg  eg  eg  eg 

dsssss 


MCOiOt'®® 


Hrtrtrt  fcj 

> 

« 

eg  eg  eg  eg  p 

ed  ad  x  op  U 

eg  «  ♦  5 


egegegegegegegegegegeg 

xxadadadcdcdedcdcdcd 

xxxxxdd©©©© 

0505050)05000000 


oooooooo 


cgcgcgcgcgegcgcg 

xxxxxxxx 

xxxxxxt-c~ 

egegegegegegegeg 


eg  eg  eg  eg 


oooxoxxxao 

Hnnondddd 


cgcgcgcgcgcgcgegcg 

S8SS2S32S 

xx^^txxo© 


DATA  TABLE  18.  THERMAL  DlFFl’SIVITY  OF  COPPER  (continued) 


61 


*  *  *  * 
H  V05 
^  ©  oo  © 
©  3* 

©  ©  ©  d 


>  a  o 

>  ©  fO 

'  ©  r- 


>  ©  t-  ©  ©  CO 


n  oi  id  n  m 


•MOO©®©©  % 

w  ©  ©  ^  © 

w 

W 

> 

> 

N  t*  N  rt  N  H  H  ® 

NHCMON 

to  03  CM  CO  CO  d  *-*  c  J 

CA  P-  M1  lA  t*>  O 

©  ^-  CM  CM  CM  CO  Tf  w 

OOriHH  w 

nneownran 


n  n  rt  w  w 


>  O)  to  tc  n 

5  0  0  0  0 


1  N  ®  N  CC  P- 


NiO^i 

©  ©  r«  * 

co  co  e©  c 


' 1  -«  o  o  o  o  o  o 


w 

>' 

o: 

5i 

Ol 


<  oc  t> 
)Ht*  # 
>  t-  tC 


cm  t- 
N  CO  N 
C*-  ©  CO 


m  cr>  *-i  irt 
^  co  ©  © 
t'-  c-  t—  ao 


3  co  ©  © 

o  o  o  o 


m  a  ai 

©  ©  cm 


>  00  00  00  t- 

i^^^^w^dd^oddoodddddd 


>  ©  -■»  CM 

,  _  _ _  ^  ■  ft  «  QO  N 

)®®®(*XAAOOOhHN 


D  5»  t  O  ifl 


I  O  C-  Tf  00 

>  w4  .H  00 

■  t-c-c-c- 

>  ©  ©  ©  d 


*  *  * 
oi  o  a  in  h 

UAt'DH 


i  CM  ©  ©  © 
)  CM  ©  03  CM 
I  CM  CM  CM  CO 


O  O  O  O  o 


(A  CO  CO  00  03 

co  «  o  «  t» 

co  ^  m  in  m 


O  o  O  03  O  < 


O  03  03  ^ 
©  ©  ©  O 
o  to  to  C— 


00  o 
o  c- 
t-  e* 


©  CO  CO  < 
t>  c-  03  : 
c~  c-  r-  c 


©CM-^O®03©©©C^  y? 

©  03  ©  ©  OO  03  00  1/5 

CC  X  *H  ©  O  ©  jP 

HHHHdddHOO  ^ 

Hdondod 

©  ©  d 

u 

U 

W 

> 

> 

> 

05 

05 

05 

P 

0 

CMt^cp©©tA©tAt^CM 

i-saaass  « 

CO  00  CO  -*3’  03  ^ 

in  ©  ©  to  ao 


SCM 
f- 

o  d 


03  03 
03  (A 
lA  tO 


s 

© 

© 

00 

©  0V 

©  © 

© 

©  40 

©  t* 

W 

U 

U 

> 

> 

> 

05 

05 

05 

P 

P 

P 

O 

«  0 

<3 

«  u 

S3 

I030>COCOCMOCLACO* 

■  aoM'inooJW'"*^' 

4  o  d  < - -  -  ■ 


1030000303000000 
i-irioHododdo 


>  to  N 
3  CO 


lA  00 
CO 

tf  tA 


©©t>C-0000©©^* 


C-  ^  to  ft 

CM  CM  -H  *, 

J,  ^  ^  t- 

u 

D 

gSg  3 

CM  CM  CO 


O  to  tA 

cm  c-  ao  ao 

*-H  rH  O  03  C"" 


S  03  O  03  CM 

c-  c-  ao  © 

CO  CO  ^  to  *H 


NCDNOHtOlOCOCD0N®«NOOOC'0iON 

neoHflOtf^ocoooA-daoc'OnjHHnat 

HONHHOHNOOAAAAAAOOOOaOCOaO 

HrtHHHHrtHHHddddddHHoddd 


©«-»©CMCM©t-© 

OHOWtftOfCD 

cocococococococo 


^  to  t 

S3! 


i  ao  oo  ..  _ 

.J^*'»r-«*-03O^33 

>c^ot>c^aoo®o 


© 

© 

© 

© 

© 

© 

- 

t- 

© 

UJ 

u 

W 

> 

> 

> 

05 

05 

0 5 

© 

© 

i 

© 

© 

i 

© 

© 

P 

U 

(O  03 
03  C- 
O  © 


00  CO 
®  CO 
CO  CO 


2  ai 


-i  ® 

u 

s 

-  I 


CM  C~  -H 

SCM  03 
O  O 


CM 

H 

s 

t- 

© 

CO 

© 

*4 

•M* 

© 

u 

w 

u 

> 

> 

> 

CM 

g 

CM 

g 

CM 

g 

00 

u 

00* 

0 

ft 

0 

© 

CM 

© 

CM 

© 

CM 

>333o3aOCT3aoceooacaoooat5aoaoc- 

h  h  h  o  o’  o  o  o  o’  o’  o  o’  o  o’  o'  o  oodooddoo 

CMCMCMCMCMCMCMCMCMCMCMNCMCMCMCMCMCMCMCMCMCMCMCMCMCMCM 

03  o  V  co’ d  ao  cm  co"  cm  d  V  V  -m*  o  03  ©*  03’  C-’  cm’  cm  cm*  ©*  d  5;  cm  cm 

;$8g$S5?S8g££SS8SS?£S;  SSSSSSSSS 


U)  U)  (•  t* 


lA  O  IA  (A  m  U)  m 


00  ao 

66  ao  d  ©©  ©  © 

adt^®t»c-©c-o6ad 

do* 

6  d  h  d  o'  d  d  5 

dodddo'd  do  -* 

u 

W 

w 

> 

« 

> 

PC 

> 

6 

5 

0 

p 

0 

5 

u 

M1  ©  H  00  M1  lA  H 


'  tn  t»  jr  c 
1  H  X  C*  < 
t  03  03  03  < 


03  O  « 

»HHrtHO0O©do»'i'H< 


O  CM 
t-  00 

c-  t- 


CO  CM  lA  CM  0-  CM 
f*H©Ht$©« 
f  |A0®«  0« 


>0-C0®CM®t-O® 

SSSPf - 


cmcmcmcmcmcmcmcmcmcmcmcmcmcmcmcm  cmcmcm 

o’  ©  t-'  ci  «  « t*’  0I  V  •  eg  ©V  n  lA  »  ®  a 
nwnnnnwown©©*©^1*^**® 


Not  ahown  in  figure. 


FIGURE  AND  TABLE  19R.  PROVISIONAL  THERMAL  DIFFUSIYTTY  OF  DYSPROSIUM 


62 


cn 

w 

> 

J 

2 

2 

55 

> 

O 

« 

a 


^  o  n  in  n  v  o  «  o  o 

©  •-<  CM  CO  IS  05  N  O  05 

CO  t-  t-  t>-  ^  50  I  K 

ooooo  ooooo 


05  O  v  it 

h  on 

05  05  Ol  O  O 
O  O  ©  m  r~, 


OOOOO  OOOOO  OOOOO  o 


O  m3 

H  ? 


S  8 


O  ®  05 

go  CO 

o  o 


»  05  Ol 
VO® 
e-  r- 
o  o  c 


©  x  ©  ©  o 
O  t-  o  ©  O 
N  n  n  n  v 


©  ©  V  rt  o 

W  H  H  ®  O 

oi  x  e  f  n 


ooooo  ooooo 
ooooo  ooooo 
l<j  o  I*  ®  35  OHpjnv 


••  V  ®  V  V 

o  o  n  v  n 
ooooo 
*1  o  o  o  o 


*  *:!■  it  a  it 

V  O  t*  05  l1! 

55  O  v  N 

O  L5  n  N  o 

ooooo 


ooooo  ooooo  ooooo  ooooo 


it  it  it  it  Li  ©  00  5)  X  n  55  O 

it  x  h  f.  ©  lo  >tr  i-  ©  5)  55  ii)  in  n  c-:  ©  ©  ■»r  © 

T  X  (-  CM  CM  CM  t-  XT  CM  --i  C  9)  9  O  O  X  n  n  o 

O  X  o  O  eo  C'l  ^  h  rt  H  »-<©©©©  OOOOO 

*h  ©  ©  O  O  00  0*00  OOOOO  0*0000 


2|  a 


*  *  v~  *  *  *  it  it  it  ©  o  *  w  n  —  i-  -v  o  o 

55  X  V  55  *  C'  X  TT  O  ■—  X  n  ft  O  t-  W  X  V  F- 


O  C  O  O  C 


OOOOO  ooooo  ooooo 


O  ©  ©  TT  O 
5)  C  L*)  l»  o 

M  n.  H  M 


s 


;o2?c  g. 
:NT  o  ■ 
0  -M  3  O  Cl 

l-a  Is  u 

i  S  I  s  g 

*  £  9- ~ 


rt 

O  ft 


«  g  w  . 

So  u  ©  > 

5"|l! 


o 

£  « 


z 

C2  O 

<  a 


a  2  o.  — 
^  t®  rt  •  .c 
.  o  j=  c 

r»  u.  ..  h  *  3 
3  3  p  o  t-  CJ 

“•  £  »  =' "  o 

1  a  “  8  '3  o 

“  E  -  E  0  N 

2  |  2>2  S  * 

?  -s  o  *  =  -r 

3s5oCi 

d  10  *^  ©  Tn 
o  o  co  cm  co  ca 
g  3  4)  *  ”  O 
5  *3  £.  £  M  3 
d  5  p  o  «  TS 

j.  ^i-s  *  > 

"o  P  a  ■“  it 
^  C  S,w  or 

gSgJ’S 

Ssifl! 

I  -It 

?5gS»3 

EjSSci 
e  *  7  S  ~  8 

5  iii  s..3 


ill  If 

o  •  *  c  d  ,£ 

rt  -h  rt  tt  *j 


5T 

T 

T 

1 

TT 

r 

T" 

T 

1 

TT 

r 

i 

T 

"1 

TT 

T 

T 

T 

n — 

rrT 

Ti 

T 

“T" 

TT 

I 

T 

T 

7i 

- 

- 

- 

£ 

- 

- 

*K 

>> 

U 

x 

- 

- 

< 

— 

o 

a 

u- 

V  ^ 

t- 

C*» 

'S 

.  c 

— 

- 

- - 

\l^ 

- 

- 

r 

s' 

- 

\ 

A 

0 

'a 

H 

^  “ 

- 

\ 

r 

= 

r 

= 

- 

\ 

- 

|£ 

r? 

& 

C*3 

6  _ 
V 

- 

;v° 

O 

- 

• 

j*. 

? 

u. 

*= 

z 

“ 

1 

— 

- 

e 

- 

- 

<2 

- 

- 

a 

- 

I L 

i 

J_ 

-L 

_L_ 

ii 

i 

J_ 

1. 

ii 

1 

_L 

a 

L 

J_ 

J- 

j_j 

ii. 

J_ 

i. 

IL 

1 

H 

J_ 

Ll 

^  iO  n  M  ^  ^  W  it  N  O  t»  U?  f!  N  H  N  X  SCCM  b  N  ifl  n  CM  b  >*  >o  R  N 

xJ  ;UiO  ‘AXIAlSilJJia  TVWH3H1 


v: 


K 

P 

< 

OS 

u> 

a 

S 

u 

H 


t 


. t ... 


n  temperature  range  where  no  experimental  data  are  available. 


w 


TEMPERATURE.  K  FIGURE  19 


SPECIFICATION  TABLE  19.  THERMAL  DIFFUSIVITY  OF  DYSPROSIUM 


64 


0646 


PROVISIONAL  VALUES* 

JTemperature,  T,  K;  Thermal  Diffusivity,  cl,  cm2  s"M 


FIGURE  AND  TABLE  21R.  PROVISIONAL  THERMAL  DIFFUSIV1TY  OK  EUROPIUM 


yjyuiiiaiuiiuiMauiiiuuawuuurauiuiauuBMJiuinii 


aiMHMMBMBMBBBBBMHMI 

auiiuiiiiiiiiimii 

ainmiBBiigiBMiM 

aiiininniinini 

aSSSSSSSBS8SSSBSSSS«a 
amwwimBiiimi 

■■■■■■■■■■■■■■I 

■I 


aHWMMIMMHMW 

II 


SMBBHMBMBMBBmMBM 


Him 


«C4  a  in  cm  r-%  r-  irt  rt  cn)  o  r~  r: 

i.*  "AXIAISnjJia  IVWHHHX 


All  value's  are  estimated, 


PROVISIONAL  VALUES* 
{Temperature,  T,  K;  Thermal  Diffusivity, 


67 


1 

O 


> 

o 

OS 

0. 


w 

J 

CQ 

< 

H 


w 

OS 

3 

o 

E 


T 

OQ 

C* 

B 

o 

a 


•§“1 


H  * 


r  a 


Q 

3 

O 


H  i 


n  t'  n  o  n 

X  N  O)  N  TT 
OJ  <N  ^ 


CO  t- 
50  1/2  CO  X  X 
CMf-tOO^t- 
rH  rH  rl  ©  © 


to  o  n  H« 

f  rt  f!  l2  N 

a  i-2  ’T  r  n 

o  ©  o  ©  © 


e©oo©  ©o©o©  ©o©o© 


©  cn  x  x 

©  *r  ©  t" 
nwNHH 


«-h  i>-  ©  c-  x 

m  9)  O  «  H  ©  ~*  ©  "T 

en  ri  ©  x  a  a  v  cl  a 

■—»  rH  »“<  ©  ©  O  O  O  © 


©©©©©  ©  o  o  o  o  ©©oo©  © 


t'-  X  X  X'TX^HX  {- 
©  ©  x  ©  ©  ©  ©  i-  •-<  cn  «-•  ©  en  to  cn  © 

©  ©  t>  ©  cn  t-h  ©  ©  ©  e  w  v  n  ifl  © 

NNH  n I  rt  i~<  i-H  ©  ©  ©  ©©OO©  © 

©’©©©©  ©*©*©’©©  ©©OO©  © 


o  o  n  n  u; 
©  ©  r-  ©  © 
N  N  CM  N  IN 


en  i~  © 

3)C'l«CM(s- 

eg  ©  x  ©  cn 


«  eg  cn  tj*  ©  a  a  v  (2  C2  m  cm  H  h  h 


«  5  N  tt  # 

U2  n  N*  C2  CM 


©  eg  x  © 
eg  ©  ©  ©  ©  *r  x  ©  x  x 

a  «  i  a  v,  eg  ©  x  ©  x 


o  o 


*  , 

©  •  o 
©  f  s» 
;  o  ' 

’T  O 


JS  rt  ” 
%%  | 


£  oo  «o  «a 
«  y  0  ? 
u  u  > 

2  - 


be  5 


CS  c 


u 

8,s 

Ef 


>  .C 


-D  rf  Q.  O 

t*  J  i. 

a®  *g 

i  a  | 

6£  >  °  ] 


t  >  °  p 

'13  “ 


«  y  ' 


T*  « 


N  W  H  H  H  — I  ©  ©  ©  © 


u  *“  *0.  ^ 

Is 

3  2  rt  « 

i  &.£  "S 

a>  c  n  rt 

*  I  £». 

sr  ss 

-2  «  a  • 

Si2  l« 

«>  4,  .® 

§  <= 


l»  CMrt 

©  ©  ©  eg  eg  en  ©  ©  ©  o>  x  cn  © 

©  <— i  ©t'-^r'g*©  ©  ©  »-h  x  in  en  ©  x  ©  en 

©  x  i»’  ©"  ©’  •g>  cn  n  n  cm  h  h  ~-<  •-<  ©’  ©*  ©’ 


x 

US 

o: 

< 

S 

u: 

cs 


2 

O- 


^  t.  u)  ?»m  *i  t*  is  rt  m  ©  r-  ©  x  eg  *■*  r-  ©  cn  m  '©  t-  ©  cn  m  '©  ©  en  m  © 

jUia  ‘AlIAISn J Jia  1YWH3H1 


* 

£ 

P 

< 

cs 

u 

» 

5 

U2 

f- 


FIGURE  A  ABLE  23R.  RECOMMENDED  THERMAL  DIFFUSIVITY  OF  GALLIUM 


68 


r 

fi a 

"e 


f  s 


5s 

— •  i 
X> 


~  s 


X  CO 


e 

& 


v  ^  te 

r.  ©  O  H 

t-  ©  CO  CO  CM 

O  ©  O  O  o 


_ _  ...  ..  Ifl  ^  N  N 

v  n  r-<  x  r-  r-  c-  t~-  r- 

«-i  ©  o  o  ©  ©  o 


>«-<©© 
I  N  H  H 


©  ©  ©  ©  ©  ©  ©  ©  ©  © 


juvrinv 

TT  CM  *H  ©  © 
v  ’f  v  ^ 


©©©©©  ©o©o© 


o  ©  co  n  n  ifl  h  i n 
I  O  N  H  •-«  ©  rH  ©  CO 

i  ©  r-  ©  nn 


©  2>  ©  ©  ©  2f 

©  ©  ©  ©  x  _j 

©J  <-**-«  *-l  <-H 


*  o  ©  ©  ©  ©  ©  o  ©  ©  o  o  ©  © 


©  ©  OC  CM 
rH  CO  UO  ©  TT 

a  h  h  hcin 
©  ©  ©  ©  © 


CM  ©  ©  ©  © 

©  ©  ©  ©  © 

CO  CO  ■«•  ©  © 


a 

rj  >i  _  to 

3  w.  o  .2 

82  =  ? 


X  l-  X  ©  CO 


59 


5S 


©  ©  ©  © 
©  ©  ©  © 
©  ©  r-«  © 

CO  -*■  ©  © 
X  ©  .-I 

©  i-t 


©  ©  ©  ©  © 

§  8  §  8  § 

©  ©  O  00  © 

©  -*  ©  co  co 

V  ©  ©  TP  >-t 

O  ©  *•« 


§8888 
©  ©  ©  ©  © 

©  ©  -V  ©  © 

X  —  ~  ©  iO 

©  ©  © 

CO  CM 


©  ©  ^  ©  X 

O  CO  ©  >-<  © 

«-i  ©  ©  CO  •-« 


H  O  V  H  i 


©  O  ©  O  ©  ©{-©©©  ©  ©  ©  I 

©  ©  ©  ©  ©  Cl  N  N  h  O  ©  ©  CO 


©  1.0  CO  < 

©  co  . 

©  ©  CM  . 


©MM©©  03  CM  t}"  ©  CM 

cm  a  cm  ©  eo  cm  w 


*2  H 

r*  s 
0 


*  ,  . 
o  i.£2 

"  rt  s 

°o  =  *■&£§ 

b^2  ^..2  3?  «3  © 

SaEJt-^S 

Si^shs 

5^*2  *3  o  £ 
'5  £  %  *  2  £© 
O-n  8§ 
"c  °*H  4)  5}©* 
S«2  £  if  *- 

s  S  x 

o  ©  a  h  2  ^  ® 


5S is  5  5  g 
■3  |5  *  s.h  » 

DC  O  a  0  X  c 

>.jj  “  »  £  £  E 

*■'  TJ  93  Ctf  •«“  Cfl 
l<  W  3  rt  c  ri  ^ 
3  o  n-  o  C  c  os 
a  U  .2  P  3  3  q 

i  3  ^  o  z:  <5 
.c  ■£»  c  —  >>  e 

fSl? asi 

i,s  ss  a g. 

•2  J  -S'  -S  i-  .§  " 


!  o 


!  TP  ©  ©  l-  X  03  ©  r-tCMCOTP© 


3  3  *3  *3  s  B  c 

.q  *3  £i  s  M  o  0>  i 

1*!!!s3« 

e  3  Jl«  "C  C  .2  ' 

H  III  g  8 ■§. 


* 


1 


I 


1 

ii 

u 

Ul 

II 

u 

u 

■  M 

Ul 

II 

u 

u 

Ul 

11 

u 

Kl 

■  M 

Ul 

u 

u 

U 

m 

Ul 

u 

u 

u 

u= 

■ 

■ 

■ 

■ 

■ 

9H 

■ 

■ 

■ 

■ 

HI 

■ 

■ 

B 

■ 

IB 

■ 

■ 

■ 

IB 

a 

■ 

■ 

■ 

1 

■ 

■ 

■ 

■ 

1 

■ 

m 

■ 

SM 

■ 

■ 

■ 

■ 

■ 

1 

■ 

■ 

1 

a 

i 

■ 

a 

1 

i 

■ 

a 

■ 

1 

■ 

1 

1 

■ 

1 

■ 

a 

a 

■ 

1 

■ 

a 

i 

■ 

3 

■ 

■ 

■ 

■ 

■ 

■ 

MH 

■ 

■ 

■ 

HH 

■ 

■ 

B 

■ 

■ 

B 

■ 

a 

■ 

B 

H 

■ 

■ 

H 

■ 

■ 

■ 

■ 

IB 

■ 

■ 

■ 

Hi 

■ 

■ 

B 

Em 

■ 

■ 

B 

■ 

a 

1 

m 

■ 

| 

1 

1 

■ 

■ 

a 

m 

■ 

i 

1 

1 

■ 

■ 

H 

1 

1 

1 

■ 

■ 

1 

■ 

■ 

K 

a 

■ 

■ 

■ 

■ 

a 

1 

■ 

■ 

a 

■ 

1 

■ 

I 

a 

■ 

1 

■ 

a 

R 

m 

m 

a 

i 

■ 

a 

■ 

3 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

IB 

H 

■ 

®w 

■ 

■ 

B 

■ 

IE 

a 

■ 

Hi 

■ 

■ 

■ 

■ 

■1 

■ 

HU 

■ 

■ 

■ 

■ 

WK 

■ 

K 

B 

m 

Bi 

■ 

■ 

B 

■ 

IB 

a 

1 

■ 

■ 

■ 

■ 

1 

■ 

H 

1 

■ 

1 

5 

1 

P 

s 

a 

m 

u 

s 

a 

■ 

H 

1 

1 

■ 

BB 

a 

■ 

■ 

■ 

■ 

■ 

w 

s 

HjJ 

i 

m 

■ 

■ 

■ 

■ 

■1 

■ 

■ 

MB 

a 

a 

■ 

■ 

■ 

8 

! 

s 

s 

i 

s 

9 

a 

i 

1 

i 

i 

1 

■ 

1 

■ 

a 

a 

■ 

jjE 

3 

5 

a 

fi 

3» 

a 

a 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■■ 

■ 

■ 

a 

X 

2i 

HI 

B 

a 

1 

■ 

■ 

I 

■ 

■ 

■ 

H 

■ 

■ 

■ 

1 

1 

■ 

■ 

H 

1 

1 

■ 

■ 

■ 

■ 

1 

■ 

a 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

IB 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

a 

a 

n 

H 

a 

8 

a 

H 

H 

■ 

1 

a 

■ 

R 

■ 

1 

H 

H 

■ 

n 

I 

R 

H 

■ 

i 

a 

^  t-  tfl  n  m  r-  ©  co  cm  *<b  ©  com  or-©  co  cm  «-«t>©  ©  cm  ©  t*»  ©  eoM  © 


u»  J«*a  AXIAISajJIQ  1YNH3HX 


f- 

< 

« 

u 


& 

S 


H 


t 


*  All  values  are  estimated  and  those  below  10  K  and  above  the  melting  point  are  provisional. 
^Values  for  oa  are  also  good  for  polycrystalline  gallium. 


FIGURE  AND  TABLE  24R.  RECOMMENDED  THERMAL  DIFFUSIVITY  OF  GERMANIUM 


69 


*  * 

*  *  *  *  ©  »^  ; St: 

*  *  CM  N  VtCNXCO  NXHO^  MW 

*  *  *  tp  ®  f«.  h  tT  ©  n»>  CC  CO  t-  't^OJOO  QOX 

*  *  ©  t-  cd  J  n  m  e  ^  n  «  n  N  ^  *-<«“'  ^  ©  0  ©  © 

51  ••••«•  d  d  d  O  d  d  d  d  c  d  o  o' 


CJ  N  o  o  o  ooooo  OOOCO  ©o 


moooo  pooo©  co*  ©  ©  ©  ©  oocoo  ©  © 

rt  ©  r-  x  n  o  u)  o  *a  ©  ift  ©  ©  ©  ©  ©  ®  ®  ®  ® 

h  H  oi  M  N  M  «  v  W  tot^ao©©  ^ 


*  *  *  * 
cm  a  «-i  n 

*****  *  *  *  *  *  *****  *  «  •  ■  * 
©  o  ©  ©  ©  ©  ©  ©  ©  ©  ©  rt  rt  «~i  ^ 

©  ©  ©  ©  ©  x  O  V  X  H  lO  t>  W  “2  v  ©  rt  CO  CM 

oo  ^  9)  o  ©  co  ©  i—  ^-o  co  cm 

Xt-HH’t  ©  ©  TT  CM  "-I 
©  ■«r  CO  CM  rt 


n  v  w  <e  t-  «  m  °  2  2  ”2222  gs°n° 


2  U  — 

£  £  «  . 

MH 

s  gr « e 

'S?  Kb 

•8?  S£| 

•g  0  >>£  ** 

isua 

IS  e&° 

Slisl 

®  5  -o  a  J 

h3  I  SJ! 

d-§S«  £ 

e  «  tj  o  5 

1 1  8  - 1 

lilt I 

“qS  Sit 

^  rt 

■s-aa  g- 
a  I  ® 

i  ?  D  a  t 

“.•330 

■B  H  »  «  ■H 
1^1  8.1 
ilsli 
Ilf  II 

a>  6  i  8  bc 

S  e 

£  rt  ^  a  O 

«,  g  >-2  ts 

slUS 

llslff 

I  !l.il  5 

H  rt  >  5  cj  «= 


5BBBBBuBBBiuBB5H5yB5EB555E5uH5S 

aiBHHBiMHMHMMBHgBgasgsBSSSSS 


Ban 

MBi 


nBH— ■HIUlMBMmMHHBHMBSf 


^  rt  co  cm  *25  t-  m  eo  cm  ^  t-  rt  co  cm  ©  f  rt  eo  ei 

I.*  ,«o  ‘AllAISaiiia  TVWH3HX 


b  fr-  »«  eo  cm  b 


t  Values  below  room  temperature  are  merely  typical  values. 

*ln  temperature  range  where  no  experimental  data  are  available. 


DIFFUSIVIT 


TEMPERATURE,  K  FIGURE  24 


SPECIFICATION  TABLE  24.  THERMAL  DIFFUSIV1TY  OF  GERMANIUM 


71 


Not  shown  in  figure. 


DATA  TABLE  24.  THERMAL  DIFFUSIVITY  OF  GERMANIUM 


72 


•« 


£  e 


v 

* 


e  ^ 

w 

> 

g 

o 


N  M  CO 

OIHNOi^O^COQO 

OOOOOOOOO 


<N  ©  •*< 

cooe-®©©-'*©©©© 
0.  tOHinnNoAcccoco 

CMCMC'Jr-tfHf-H.-tOO©© 

dddddddddod 


OOOOOnrtPJOOiTTO 

Nn^m«c«ct~cDco0)O 


i  m  §  u 
M  9)  A 
i  «-c  O  O 


nooHNwnoi®iflflst-{ou)io©(g 


ooooooooooo 


C'lCNCVJCMCOCVlC'JC'JC'JC'JCN 


n  wo  v 
CO  t-  CO  o 
lO  U1  <o  <o 


^  Oi  f-4  CJ 
CM  CV|  CO 
t-  c--  t-  c- 


«n  to  e- 
c-  ©  © 
O'-  00  oo 


CO  O 

nNNWNNNrtrtrtHHHHOO  ^ 

©  ^ 

oooddddddododooo 

w 

W 

> 

1 

> 

§ 

o  ° 

u 

0>COC>JCOr^OCXlCO'^,t~,^COOCO©CD 

cd  o  n  ao 
c-  in  <4*  © 

H  H  H  rt 

o  d  o  d 


01  M  03  t* 
CO  t>  ^  103 
Ifl  1/5  CD  C* 


5 

©  ®  CM  CO 

cm  co  n 
®  ®  ®  06 

H  MN  N  .3 
COMO  VO 

*  CO  O  CO  H  P3 

NcocfiwnMO0i»twnH 
lO  CO  h  H  hHOAfflOl®® 

ft  o 

°  °  © 

CV  r-i  f—t  r*4  ^ 

HHr,HH  HHOOOOO  <*, 

in 

W 

©  ©  ©  ©  M 
> 
05 

odd©©  w 
> 
05 

©  ©  ©  ©  ©  ©  ©  ©  ©  ©  ©  ©  ©  u 
> 
05 

05 

H  U 

913.2 

975.2 

979.2 
1013.2 

CU 

376.2 

541.2 

573.2 

649.2 

75 8.2 

CU 

CMCMCMCMCMCMCMCMCMCMCMCMCM  ^ 

tn©«6indcsi©indi>f-»t^co 

f-COSPJNOiflt-®®»Ot>CD 

m©©t-i>i>c-t^®®©©o 

coc*jcM®r^^*o>^t<o 

CQ9D$tnN0)<»«N««d)f«05tf$U)O>N«Nnm 

5t-oi0i05coo0i«N«co0>u34H®50i®®obooa6® 

NNNNNNnNNNNNHHfiHOOOOOOOOO 

dddddddodoodooooodddddodo 


INONNiOOMNNNNNNNNift^NNNNNNN 

j  P)  «  «  H  »  H 


oooooooooooo 


MNNWMC1NNNNNCM 

N  ACDCDQOAOOOiAONOO 
HHnU)t»t-ONtt-«N 
coeococococo^r^'^'^'^'io 


N  H  O  01  CD 

noihnotwioocfttffflwgt; 

C>l©»Ht»©©®'TfHtH©A©®® 

nn«NNNH»iHHooooo 

ooooooooooooooo 


NNNNNNNNNNN  MNNN 

ddddddcjcsidcodd®®® 

©©«H»nineo®coM''<fwt'-f~»n»n 

eocococo«o^,«ru>®®t^t»t»®® 


•  r-  co  o  c-  co 


cm  co  to  in  ©  m 


0J  pj  PJ  w  w  H  N 

ci  pi  pi  n  pi  h  m 

odooe©  w 

©  do  ©  ©  ©  w 

g 

s 

r-NNNNN  jj 

5 

{•NNMPJCO  5 

u)  cd  h  h  ie  qo 

in  d  »-i  ^  d  ao 

©  ©  *■*  iH 

CO  P3  M  n  P3  CD 

«  S  So  w  n  3 

*  ©  t*  C-  «0  ®  CO 

NNNNHONHMOt»C'©CD^NOrtO««0»®«Ob 

COWCOWWOWWtMCjeMCMCM^^W^Ht-tfHOOOO©© 

dddddddddddddddddodddddd© 


NNOPJNmONNNNNNNWNrtNNNCNNNNN 

§§§§;§ssdsKS£3s3Sss88S£sas 

eo«c5w«co«cocjeocoeo^,^,«>wr-t'c*®®o»««© 


•Not  ahawn  In  figure 


FIGURE  AND  TABLE  25R.  RECOMMENDED  THERMAL  DIFFUSIVITY  OF  GOLD 


t  Values  for  molten  gold  are  provisional. 

*ln  temperature  range  where  no  experimental  data  are  available. 


75 


If  *;«■ 
Bills' 

•9  ®  ©  n  ao 

.  c.  a  n 


ci’HtN' 

«  «  2  o  .  •  t 
6  &  c 
o  o'  §  2  ifl  { 

1 8  s,-. 

■  t> « i  ®  s 
•a  S  I-ot.- 1 
s  ■  s  «  i 


#§Nn 
”3NV 
=>■  .-,-2 
in  ®  JJ  ” 
n  .  £ 
. -2  <n  “ 
v  «7 

s«  s« 


«  _5  3  «o 

fSS8  . 

^b|§"! 
fe  2  «  ?  ao 

lljp: 

1S«S* 

h:l*i 

►>is  id  o  -» • 

fl"H 

*;  a->t-  ir®* 

*  S^co’ 
9>£  *  £  < 

■i  fl  O  rt  O 

g  Q  CO  <2  .  < 

lef*”' 

®  °  b  «  ” ; 
Sgg2ni, 


8-Slf 

CO  -  O  > 

w  ao  ao 

«h 

"  2  u  * 
E  t. 


O  «  ©  £? 
_  &>  .Q  1/5 

S  2  S  «' 

0>  3  ” 

Ml 

2  ®  g  . 

H  fT  Q  S 

;§h<» 

§  oT  8  *£ 

_«£  tn  *• 

2?  °°  S.<m* 

•  o  g1  • 

Sg  "3 

S-  -  J5»CM* 
© 

U9  >  * 
o'^aj 


1  gsf 
-1*11 

•g  S  £3 
e-SSS 
S3  s  e 

lift 

i-i! 

all,- 

il*  e3! 

i:iu! 


S  « 

04  U0  rH  CM 


Sia-si 

Sa^  <d  o 

■2  **  ^  ^  3 

9oO*a 

3  a  5  8  g 
sjiii 
Sf  i-SS 

-  g  >  s « 
SfiSS* 

*  a  1  £  * 

O  O  ©  <2  c 

Saf&e 

s!|l| 

xIe-SS 

«  a  ©  a  .o 

<0  ffl  Q.  ©  O 


►>  •-  © 
-  CO 

*°  o  H  «• 

S©  CO  © 
ro  — i  •  . 

S  o  .S*''. 

s  2  M  *  • 

e  ^  m  ”  in 

B  ^.CM  .  rH 
O  .g>CM  *-t  . 

lO  £  ^  *"  ® 

w.  s  *  «•  *r 

O  ®  _  .g 

8*  5  <o  . 
©  ^  -«f  r- 
*  M  . 
c  _  ©  cm  * 

11  *a3 

®  i*  c  . 

■a  8 1  n  - 

sl^ 
al  c|g 


i  a 

.  «  C4  2 

X  ®  .* 

■*>s 

cm'  ® 
i$SH*o 
o-M.- 

S  *2  **  • 
^  a  .  ^ 
«  04  o 

“  K  (A 


A|  W  .  . 

"n^o 

(O 

S  . 

^  ^  •  OJ 

.2  N  « 


•M  *  CM 

*S“S 

■8-8* 


h  B  8  "  ui 

IIS's- 

1^2  S- 
gS5s?: 

■o'J  c?  • 

§  11  -g  ® 

£  5  id  2  co 

a  S  cm  h  • 

□*  y  .  fi  ©> 


-"as' 

®  t- 

sa  t;° 

.  O  .  ©  *-* 

s^i x 
4  .lr 

V2f 
®*  81? 
^  ^  a 

Ht»  Q 
•_,aoiJ* 

9  *  g  . 

.  -  s-*  i 

O  «-i  <B  •  > 
rH  00  CM  • 

(3>  I 

t-r-©eo« 

<f>  S  2  CM  ! 


§  -I  1 
asp  2 

si&i  9 
ahl  5 

SjS- S|  B 

|1m  <~i  -  O 

•  1  a  I  « 

a  |  *  f  "- 

1  &  *3  ® 

1  SS|  a 

®“i-  i 

«p  m,  55  at  a 

1!  1 1  i 
ill!  i 

1  Sal  e 

k*?  l  -if 

u  "  §  g*  2 

aNo^  -H 

huh 

S-Sfhs  i 

*11  e  2 1  S 

§  E  a  o  g  _ 

b£,u  3 

2  ?<  8*3  3 

a  °o  S  s  8 
slid  g 

-  ■& 8  i  fe  | 

O  O  ©  2  9  g 

III!!  i 


!  5a2' 

So<8ho 

gi*.. 

irt  ^  gj 

S3:®  * 

tan** 

Ins: 

lll-.s 

■  ®  a  n  . 

©  co  oo 

!irs * 

"■s  g  o~ 

^  » i  s*c- 

hO-6  . 
j)  o  yV 

a  i  |  s  2 

SU  *  "  *0 
^  V;  *P 

Ida*. 

^de“ 

ll-Sss 


«  CO  _, 

»  «*g 

°.  cm'  " 

2  P  .  _•  A 

5S  ®  NH 

.  «P  »  - 


.  ©  .o 

§U  <3>  O 
CM  «* 

«  CM  o 

S”S®*‘S 

S  2  CM  . 
**  •  on 


00  CO  CM 
CO  2 

--  £® 

?2  .  ^  co 


s*8?- 

I”  ST 

avis 

a  8  I  k 


n  E  S  «  t©  * 

aj  ^  V 
'  LI  ^  -. 


g  g  "  *3  ^ 

0,  E  CM  At  * 

|o^IS 

CO  OL  ©  ■* 


■O  w  C  « 

8x3^ 
-S  -  3 

x  e  . 
n  •  »  n 

•,-s  5”. 

-h  t*  S.  CM 


nga 

S|8| 

flf  § 

i  a  !  § 

x  I  If 

§s§! 

!l|i 

III! 

3  8.So 

?  8i?| 

•  Pt  | 

T3  2  © 

«  S  « 

e,8| 

§  ©  £  g 

;Sa§3 
lass 
,  a  is  s 

:l;a| 

.if-ja 

I  «N  3  g 

iff  If -• 

1  ©  T3  0  5  § 
IMOC^ 


DATA  TABLE  25.  THERMAL  D1FFUSIV1TY  OF  GOLD 


I 


76 


•U  > 


9* 

.§  Q 

1 1 


v 

£ 

a 

6 


H 


00  CM 

in  -m* 
t-  t- 
©  © 


U5NOOO^««Hff>N 

lOaOlfiJNOOlflWHCO 

>9)0)0)0)0)000000000 


1  *“l  r*i  »— i  »-«  i— <  O  o  o  o  o  o  o  o  ©  © 


)  (•  H  IO  00 

>  *•  c»  «  r- 

•  Ifi  Ifi  to  <D 


V  »HONP)rtWtf>N 

C9t'-3'0)*'9ooc9c'‘-m 

t-t-OOOOftOOHrtN 


1  0)  ^  ^  in  « 

1  O)  0)  O)  O)  0) 


ss 

0)  0) 


w  in 
t-  »n 
ao  oo 


iooooooooo 


sss 

oo  oo  t- 

odd 


_  m  N  51  t>.  to  N  t*  H  00  ifl 
)nrtNH6a>#«Siw  j«nh 

>OOOO©0)0)0)0)0)0)<n0)0)0) 


i  eo  oo  in 


(.HOOlANH  AlOtQ  t'OO  H 

- -  ©  0>  f-  t  2  3"  w  cm 

0)  00  00  00  00  00  00  00 


l»-irHrH»H«-^^H*H»H^^*-i*H^H.-H»-<r^^H«^000000000000000  000 


U)M.M'«MJMO®-l(CinClO®tP5fC'OlflOCSWNH(CpH«H{OlOON(0'1,Nn 

n«onntt9tu)iAiAu)e»0t>t'C’Noo«)<o«A0«AAoooHHHHHc« 


0)  © 
-t  CM 
05  05 


CURVE  2 


PRO VI SIONAL  VALUES1 


77 


■li 


Q  ^  10  2 


I-  fi  15  O  «  T  55  Ll  N  h  ~-i  »r 

1 1'  l*  <r  nr  n  m  m  «m  m  cm(m 

55  05  55  O  n  OOOOO  O!  O! 

OOOOO  OOOOO  CO 


ooooo  OOOOO  OOOOO  OOOOO  OOOOO  oo 


A  '■£ 
C  O 

r  ® 
2  ® 

£  3 
^  o 


a 

B 

-a 


93 
3  c 


^  c. 


ooooo  o  ©  c?  ©  o 

l>  X  O  o  CT  O  O  t*  O  >5 

r-«  CM  CM  OJ  I*S  P5 


55  X  V  ®  N 


§©  ©  © 
o  o  o 
0(0  1'  » 


ooooo 

ooooo 

05  o  «  Cl  rt 


o  o 
o  o  ©  *<r  X 
«  X  V  X  C! 


ooooo 
ooooo 
'T  U>  <c  I'*  * 


M  O  S  n  i: 
-J  #Ol»N 
V  f}  5?  N  N 


c^ccoxo  u'j'rn: 


ooooo 


if 

b  » 

H 

a 
ac  > 
-c  o 

1- 
*rt  is 

£5 


1  N  C.  ’T  I.T 


£ 

0) 

H 


P 

fci  _ 

o  .5 

T  ^ 

I? 

«S 


dl 

a 

H 

u 

■fl 

iu 

u 

■■ 

iu 

IU 

u 

u 

u 

m 

u 

u 

u 

■  M 

111 

u 

u 

iu 

m 

mi 

IU 

IU 

u 

I 

■ 

■ 

■ 

■ 

■ 

■ 

HI 

■ 

a 

:■ 

■ 

B 

■ 

■ 

■ 

■ 

;■ 

a 

1 

■ 

a 

■ 

■ 

■ 

1 

■ 

■ 

hi 

a 

a 

■ 

■ 

a 

a 

a 

a 

■ 

a 

a 

a 

■ 

a 

a 

■ 

i 

■ 

■ 

a 

■ 

■ 

a 

■ 

5 

■ 

■ 

a 

a 

■ 

■ 

a 

a 

a 

a 

iB 

iB 

■ 

a 

i? 

a 

1 

1 

■ 

a 

1 

■ 

1 

1 

fi 

1 

■ 

a 

i 

■ 

i 

■ 

i 

■ 

■ 

■ 

9 

1 

■ 

a 

■ 

3 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

a 

a 

■ 

a 

■ 

■ 

■ 

■ 

HHa 

If 

■! 

■ 

H 

a 

m 

a 

■ 

■ 

■ 

■ 

m 

a 

a 

■ 

a 

■ 

a 

1 

a 

■ 

a 

1 

■ 

a 

a 

a 

■ 

m 

a 

a 

w| 

E 

■ 

■ 

■ 

■ 

■ 

a 

a 

■ 

a 

m 

a 

SB 

a 

1 

1 

■ 

1 

a 

1 

■ 

■ 

a 

1 

n 

a 

1 

■ 

i 

E 

3 

■ 

■ 

HU 

■ 

■ 

H 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

u 

■ 

■ 

■ 

a 

a 

■ 

■ 

■ 

HI 

■ 

■ 

■ 

■ 

■ 

■ 

HI 

■ 

IB 

■ 

■ 

RC 

■ 

■ 

B 

B 

■ 

■ 

■ 

■ 

■ 

■ 

a 

■ 

B 

a 

a 

■ 

■ 

aa 

§ 

a 

i 

Hi 

a 

a 

■ 

■ 

as 

a 

■ 

■ 

■ 

■ 

■ 

■ 

H 

a 

a 

a 

1 

a 

■ 

a 

a 

a 

■ 

■ 

1 

1 

1 

■ 

1 

■ 

a 

1 

£ 

a 

1 

a 

a 

■ 

E 

a 

■ 

■ 

^H 

■ 

5 

■ 

^H 

■ 

■ 

■ 

HE 

a 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

a 

■ 

■ 

1^1 

■ 

i 

■ 

■H 

■ 

■ 

■ 

am 

■ 

■ 

■ 

■ 

hi 

■ 

■ 

■ 

B 

■ 

■ 

H 

■ 

B 

a 

■ 

■ 

1 

H 

■ 

a 

9 

a 

■ 

a 

a 

■ 

■ 

■ 

■ 

Hi 

m 

■ 

B 

■ 

■ 

■ 

B 

a 

a 

s 

R 

1 

■ 

R 

R 

i 

■ 

1 

a 

S 

1 

H 

M 

n 

R 

H 

i 

R 

H 

R 

K 

?:cm  'i  t'  o  x  cm  t-  r:  cm  o  t-  irt  r;  -m  —  t~  in  ~  cm 

i_s  jUiD  ‘All ATOM  Ala  1VWH3H1 


t 


900  K.  Values  below  150  K  are  applicable  only  to  a  sample  having  residual  electrical 
resistivity  of  4.23  pO  cm  and  electrical  resistivity  ratio  p(295K)/p  -  8.  58. 
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FIGURE  AND  TABLE  28R.  RECOMMENDED  THERMAL  DIFFUSIVITY  OF  INDIUM 
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FIGURE  AND  TABLE  29R.  PROVISIONAL  THERMAL  DIFFUSIV1TY  OF  IODINE 
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RECOMMENDED  VALUES  * 
[Temperature,  T,  K;  Thermal  Diffugivity,  a,  cm2  s**1) 
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FIGURE  AND  TABLE  31R.  RECOMMENDED  THERMAL  D1FFUSIV1TY  OF  IRON 


SPECIFICATION  TABLE  31.  THERMAL  DIFFUSIVITY  OF  IRON 
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SPECIFICATION  TABLE  31.  THERMAL  DIFFUSIVITY  OF  IRON  (continued) 
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SPECIFICATION  TABLE  31.  THEHMAL  DIFFUSIV1TY  OF  IKON  (continued) 
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SPECIFICATION  TABLE  31.  THERMAL  DIFFUSIVITY  OF  IRON  (continued) 
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SPECIFICATION  TABLE  31.  THERMAL  DIFFUSIVITY  OF  IRON  (continued) 
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Not  shown  In  figure. 


SPECIFICATION  TABLE  31.  THERMAL  DIFFUSIV1TY  OF  IRON  (continued) 
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Diffusivity  determined  again  from  above  measurement  for  above  specimen  employ¬ 
ing  an  empirical  function  closely  describing  the  actual  waveform  of  the  heat  pulse. 
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SPECIFICATION  TABLE  31.  THERMAL  DIFFUSIVITY  OF  IRON  (continued) 
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104  224  Freeman,  R.J.  1966  580-1277  Armco  Iron  Disk  specimen. 

10f  225,  Pak,  M.  I.  and  Osipova,  V.  A.  1967  521-1229  Armco  Iron  Disk  specimen  40  mm  In  diameter;  first  heating. 

100  225  Pak,  M.  I.  and  Osipova,  V.A.  1967  471-1231  Armco  Iron  The  above  specimen  after  repeated  heating  and  cooling  in  vacuo. 

107  220  Gonska,  H.,  Kterspe,  W. ,  and  1968  273-1273  0.064  0  ,  0. 0027  C,  0. 002  S,  0. 001  each  of  Mn,  N,  and  Si,  and  trace  Cr;  0. 5  cm 

Kohlbaas,  R.  diameter  x  20  cm  long;  density  7.  86  g  cm'3  at  20  C. 
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DATA  TABLE  31.  THERMAL  DIFFUSIVITY  OF  IRON 
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FIGURE  AND  TABLE  :i2R.  PROVISIONAL  THERMAL  DIFFUSIVITY  OF  LANTHANUM 
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"'All  values  are  estimated  and  those  around  room  temperature  are  recommended  values. 


FIGURE  AND  TABLE  33R.  RECOMMENDED  THERMAL  DIFFUSIVITY  OF  LEAD 
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SPECIFICATION  table  33.  THERMAL  DIFFUSTVITY  OF  LEAD  (continued) 


*  Not  obown  la  Afore. 


DATA  TABLE  33.  THERMAL  D1FFUSIVJTY  OF  LEAD 
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FIGURE  AND  TABLE  36R.  RECOMMENDED  THERMAL  D1FFUS1VITY  OF  MAGNESIUM 
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^Values  for  molten  magnesium  are  provisional. 

*  In  temperature  range  where  no  experimental  data  are  available. 


SPECIFICATION  TABLE  36.  THERMAL  DIFFUSIVITY  OF  MAGNESIUM 
(Impurity  < 0. 20% each;  total  impurities  <  0.  50%) 


*  No  figure  given. 


FIGURE  AND  TABLE  37R.  PROVISIONAL  THERMAL  DIFFUS1VITY  OF  MANGANESE 
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The  values  are  for  well-annealed  high-purity  manganese  and  are  thought  to  be  accurate 
to  within  i  20%.  The  accuracy  may  be  slightly  better  around  room  temperature. 

Values  below  room  temperature  are  applicable  only  to  manganese  having  residual 
electrical  resistivity  of  It.  3  jA)  cm. 


FIGURE  AND  TABLE  38R.  RECOMMENDED  THERMAL  DIFFUStVITY  OF  MERCURY 
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TEMPERATURE  K  below  80  K  are  merely  typical  values. 


FIGURE  AND  TABLE  39R.  RECOMMENDED  THERMAL  DIFFUSIV1TY  OF  MOLYBDENUM 
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^Values  above  2000  K  are  provisional. 

*In  temperature  range  where  no  experimental  data  are  available. 


SPECIFICATION  TABLE  39.  THERMAL  DIFFUSIVITY  OF  MOLYBDENUM 
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SPECIFICATION  TABLE  39.  THERMAL  DIFFUSIVITY  OF  MOLYBDENUM  (  continued) 
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SPECIFICATION  TABLE  39.  THERMAL  DIFFUSIVITY OF  MOLYBDENUM  (continued) 
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DATA  TABLE  39.  THERMAL  DIFFUSIVITY  OF  MOLYBDENUM 
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SPECIFICATION  TABLE  41.  THERMAL  DIFFUSVITY  OF  NICKEL  (continued) 
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FIGURE  AND  TABLE  42R.  RECOMMENDED  THERMAL  DIFFUS1VITY  OF  NIOBIUM 
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SPECIFICATION  TABLE  42.  THERMAL  DIFFUSIVITY  OF  NIOBIUM 
(Impurity  <0.  20%  each;  total  impurities  <0.  50%) 
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SPECIFICATION  TABLE  43.  THERMAL  DIFFUSIV1TY  OF  NITROGEN 
(Impurity  <0.  20%  each;  total  impurities  <0.  50%) 
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FIGURE  AND  TABLE  44R.  PROVISIONAL  THERMAL  DIFFUS1VITY  OF  OSMIUM 
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*A11  values  are  estimated  and  those  from  250  to  500  K  are  recommended  values. 
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FIGURE  AND  TABLE  46R.  PROVISIONAL  THERMAL  DIFFUSIV1TY  OF  PHOSPHORUS  (WHITE) 
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THERMAL  DIFFUSIVITY  OF 


TEMPERATURE.  K  FIGURE  47 


THERMAL  D0TUSIVITY  OF  PLATINUM  (continued) 
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DATA  TABLE  47.  THERMAL  DIFFUSIVITY  OF  PLATINUM 


140 


ooooooooooo 


>  Ifi  t-  C-  b-  t-  ® 


>  ^  i-i  a> 
j  (O  m 
INNNN 

dddddddddooddddddood 


>©©©<, 

INNNC 


N  N  N  N 


o  n 

in  ■*- 

N  N  N 

do© 


***** 

OflltOlOxf 

^  w  n  o  n 

(N  N  N  M  M 


o  o  o  o  o 


NK5MOlfiNj>#nNnHN’l,®«»«Jl 


>  to  to  09  < 
IPS06N- 

>  t>  t>  OO  < 


*+  n  oo  © 
oo  oo  a>  as 


ooooooooooooo 


>  CM  t*-  C-  z* 


OOOOOOOOOOOOOOOOOOOOOOOO 


r 

00 


H  OOOOOOOOOOOOOOOOOOOOOOOO©©©©  ©©OOOOOOOOOOOOO 


S  oi  S  05  N  N  S  i 

nejeso^^^v- 


IHlOtONOONhl-XCO! 


€J 

§ 

> 

1 

Q 


OWW®^V®00Ot'®»^0®O^N^JOO500)4f^^4rONOWOW0>HHlO^, 
NN(N(N(NN(NNN(NNNNN(NNNMNNNMNNNNNNNNNNNNMN 


oooooooooooooooooooooooooooooooooooo 


HHnNH«MONHt.avt»Qos 

•■r^Tfinusi/sininintctotrit-T-c-t-r' 


_  _  (o  [<•  [«  ( 

HoiSiow«6iiao»bo)^nwL  _ 

«oocooo®oocoooawo>ffloooHHH» 


Cl  N  N 
©  ©  © 


2. 

M 


H 

X 

>f 

”8 

53 

H 

O 

8 

CM  CM 

P3 

© 

3 

5 

CM 

w 

> 

©  o 

w 

> 

PC 

D 

H 

K 

S3 

U 

1239 

1246 

O 

ooous^rtioomioioNinnHHHiisocio 

NNNNClNClMNNNeSNNNClNClNNCl 

NNNNCieiNftieiClNNciNClNNWNNftl 

ododooddoooodooooodod 


I  ifl  W  (O  (O  C* 


>  C-  O  00 

>  wr  ■«?  co 

I  Cl  N  Cl 


eo  n  ci  ci  i 
ci  ci  ci  ci  c 


ooooooooooooo 


'CION’ 
«  ^  w  ui  i 
>  CO  CO  CO  c 


ISS22S 

)  PS  P3  'C 


__  _ _ _  _  _  _ .  _  J  f  L. _ _  •  - - - 

cooococgcocococ^^tfoeoeo'^eoe^eococo^eoeo^'^’^'^'^f^'^^'W’r'ftW'-  -  .  _  -  . 

CICICINCINNCICICICICICICICICIPICICICICICICIPICICICICICICICICICICICICICICICICICIN 

ooooooooodoooooddooooooooooooooodooooooooo 


o-  ao  oo  *h 
«  CO  CO  ^ 

ci  Cl  Cl  N 


:ss 


Cl  Cl  Cl 

odd 


QUSOhSClOOOloOHNnOOOIOOOAtOOClhlANiO^NH® 
weiwwpjnNciNcineiNnwNNnoNNNcicoonwwpjwnn 
NeiNClClCleiClNClNClClNClClClClClClNClCieiCieiClClNClNCl 
OOOOOO  OOOOOOOOOOOOOOOOOOOOOOOO©© 


UUStDtOOOU9NtAaOttiAP>«H«tOClC 

OHHNPSPSP5P5USlflOC-«OSPSVC'C»*OClC 

nnwwnnpjnnwwwrtn^f^v^Wrt* 


Ml 


ISSfeSSS 

)  us  US  US  lO  tt  ® 


SS9i;SS;s?5SS?S??SS??SSSSSS?SSS;S;S5S?3!SS?§?3SSS?Sg¥SS| 

ClNeiNClClClClCieiClNCieiNClNNNClNClClCieieiNeiClNClClClClClClClNNNClN 

©  o’ do"  odd  o' 00000000  dooooooooooooooooooooooooo 

9i83SSSSSH3SSSHSS3SS3S5g!S!8iS88SSSS3SSS 


t,. 


*Not  shown  in  figure. 


DATA  TABLE  47.  THERMAL  DIFFUSIVITY  OF  PLATINUM  (continued) 


141 


A 


w 

*  I 


OllCt* 
N  N  N 


Iflf  <6010 

NCJCOif^ 

N  N  N  N  N 
O  O  O  G>  O 


a  n  co 

1  o>  t- 


GO  CO  CO 
...  CO  CO  <6 
V<£>®ON 


W 

5 


Mfl^nooomo® 

coeoco^^eo^ujio 

NNNNNdNNN 
09000(0  0  00 


OOCOCOnHNHrt 


OOftAfOiAlONO 


ooooooooo 


to  ji  n  r-  si  to  o  t 
ONO< 
Cl  31  O  H  N  T3  (f  ( 


0(0000 
N  N  N  W  t 

NNNNN 


t'Odci 
N  ■+  -4f  CO 
NNNN 


900090000 


OCOoOOC- 

otcjet 
niono  v 


Ifl  W  O  N 
CO  00  CO 
oo  n  co 


U 

H  I 


Nf©i'®wofloOflO(fiooo««HpittH,OHt'®w#«oHt'<ot»Pjfo>iocoao««®<o«oe3t^^® 

ssaisssssassasssssaasasssassssssssssssssssssssisss 

0000  0*000  0*  00000  0*0  0*0*000000000000000000000000000000 

f«NeOHHO(0®®®ON»lfilflWaOt'V‘5WOOCCOO®®(P®«OtOH3>OONflHC®HN»Nt‘flt'H 

«aiowt*«©©©HHNNNt®®fl»A®®in®t*hHPjNn«tiflie««-4Ni|i|«f-®o»©oH 

u5ioooo'©t'i>t-t-t-t-t-t'b-t-c~c-c-ooooaoaocc®»ooocftoooooo^<-(»-<»-(*H^^PiNNeieg 


#  ft  *  * 
^  n  a  ifl  n 

fj  sssa 

Jl  dodo 


S88£S3S3?gS 

NNNNNNNNNN 

dddddodddd 


®«OconrtHN«ffl 

HNnn^S&SSS 

H  H  H  H  H  H  »H  H  H  H 


o  9  9  9  O  O  < 


t*-9*t-aoc0H9floe<ie*»<oo©«coo<,9O»^eow®C'it-»«^'(r 
Idddddo'dddddddddddddodddd 

innnwnnnrtnf4i|i''«"|»«*B«»®oK»'o 


>  §  N  N  C-  O  9  9  < 

i  n  rt  n  ( 


1. 


Not  ihown  in  figure. 


PROVISIONAL  VALUES 

[Temperature,  T,  K;  Thermal  Diffusivity,  a,  cm2  s"1) 


i-« •Aj.iAtsa.iJia  avwaHHi 


In  temperature  range  where  no  experimental  data  are  available. 


SPECIFICATION  TABLE  48.  THERMAL  DIFFUSIVITY  OF  PLUTONIUM 


143 


*  No  figure  gWeo. 


FIGURE  AND  TABLE  51R.  PROVISIONAL  THERMAL  DIFFUSIVITY  OF  RADIUM 
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All  values  are  estimated  and  values  above  1000  K  arc  provisional. 
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FIGURE  AND  TABLE  56R.  PROVISIONAL  THERMAL  DIFFUSIVITY  OF  SAMARIUM 


FIGURE  AND  TABLE  57IL  PROVISIONAL  THERMAL  DUTTSIYTTY  OF  SCANDIUM 


to  be  accurate  to  within  ±  15%  of  the  true  values  near  room  temperature  and  *20% 
below  200  K.  The  values  below  200  K  are  applicable  only  to  scandium  having  residual 
electrical  resistivity  of  10.6  utl  cm. 


FIGURE  AND  TABLE  58R.  PROVISIONAL  THERMAL  D1FFUSIVTTY  OF  SELENIUM 
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f Values  below  80  K  are  merely  typical  values. 

temperatu re  range  where  no  experimental  data  are  available. 
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FIGUHE  AND  TABLE  59H.  RECOMMENDED  THERMAL  DIFFUSIVITY  OF  S1UCON 
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Values  below  Town  temperature  are  merely  typical  values. 

*In  temperature  range  where  no  experimental  data  are  available. 
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FIGURE  AND  TABLE  60R.  RECOMMENDED  THERMAL  D1FFUSIV1TY  OF  SILVER 


T 


164 


u 

3 

J 

< 

> 

Q 

w 

Q 

is 

w 

S 

s 

o 

u 

w 

K 


*****  ***** 
ifi  N  to  t-  ffl  li  h  l;  cc  o 

CD  X  O  CM  Tf  to  X  ffl  o  « 

CD  CD  t-  t'.  t—  ^  h-  ['  X  X 


*  *  * 

31  O  V  X  h 

_  _  .  O  CM  CM 

00  CD  00  00  00  o6  t-  L~  ID  CM 


tc  O  X  N  O 

3!  5£  55  E;  55  eg  < 


Q 

5 

or 

3 


ooooo  ooooo  ooooo  ooooo 


ooooo 
H  co  o  o  o  o 
M  CC  TP  O  <c 


ooooo 
ooooo 
r-  x  o  o  m 

H«  WNN 


ooooo 

ooooo 

TT  CO  X  o  o 

cm  cm  cm  x  c: 


*  *  *  *  * 

o  w  h  in  o 
t»  tc  tr  o  v 


ooooo 
ooooo 
©  ©  O  O 

^  lO  o 


*  *  *  * 


«NNNH 


OOOOO  O  O  CO  ©  ©  ooooo 
r-  x  o  o  ic  o  c  t-  o  m  ooooo 

«-*  t-i  N  N  N  n  n  t  1C  h  X 


J 

o 

CO 


>  o  o  o  o 

>  o  o  o  o 

>  O  O  O  CM 
<  f  r?  O  O 
lOXOtC 


*  *  *  *  * 

ooooo 

ooooo 

O  h  N  X  TT 
CM  X  ©  CM  X 
TT  CM  H  H 


ooooo 

CD  O  CM  ©  CM 
X  O  X  ©  Tf 
O  f  CM  H  H 


o  O  O  O  U5 

o  O  O  O  tt 

O  O  H  CM  CM 


*  *  *  -  c*.  >'  n  ' 

to  O  Oi  iii  r*  — •  CM  X  1 
N  in  O  Cl  T  CM 
o  Ifi  « 


«“<  CM  CO  TP  ID  CDC^XOO  H  cm  X  M1  in  (8*000  ooooo 

«  ri  n  cm  cc  x  tr  T*  u;  a 


* 

K 

< 

s 


P  w  2 

fc  O  bjh 
o  a  o 
2  >  «•  do  j> 

g  I  E  £  s 

25**5 

ls?ll 

Ills* 

u  s  -3  >  - 
Z  cj  5  «  01 
>!  8"  § 

>.  U  JS  >»  > 

£  k*  crs 

E|xog  . 

S.  S  "  .2  * 

I  «  iD  *  O 
X  c  fl  ■-  o 
be  c  m  O  >  o 
jskgti 
g  3  a  o.  o 
*o  u  ri  a  -S 

Cl  L  J 

*5  3  i»  £  ® 
”  «  o  r  H  r 
S  =  £  8  8. 

*  8  E  B 

—  3  L,  O  <D  ■- 

*3  T3  3  12  e55 

S r 

«  0>  hi  »  __  C 

O  2  &J2  CM  C 

t  © 

P  Cl  41  ©  .i* 

b£  -2  s  o- 

£ o||2S 

^<1  >1Q 
>  M  «  «3 

|jj*  c’s? 
1  5  o  .2  .5  I 

CD  5  O  **  03  aL 

E  *  2  8  2-2* 

§s:f-S 

e  s|.Es  | 


F 

r 

T 

r 

“I 

TT 

r 

T~ 

T 

T-' 

TT 

T 

T 

y 

T" 

TT 

T 

T 

y 

“i 

y 

T 

y 

y 

■y 

TT 

T 

y 

TTQ 

— T 

— r 

- 

p 

. 

-o 

/ 

c 

cc 

- 

r 

IV 

_ 

- 

r 

\ 

k 

U  ~ 

Ij 

i 

«  z 

X 

o  ~ 

to  __ 

X 

- 

~l 

- 

_ 

1 

- 

“1 

i 

- 

i 

S  ~ 

= 

“T 

£_ 

— 

- 

- 

- 

- 

- 

^ ' 

v  « 

*"  ‘ 

_j 

- 

- 

• 

- 

z 

, 

z 

- 

z 

- 

- 

- 

Il 

1 

J_ 

-L 

J_ 

li 

ll 

-L 

LL 

J_ 

111 

1 

LL 

J_ 

LL- 

Hi 

J_ 

J_ 

j. 

i. 

iii 

LL 

LL 

J_ 

LL- 

ii 

L 

-L 

'i  f*  to  ON  T>  f«  ifl  n  N  ’i  N  O  C*3  CM  4  N  U5  P5  N  O  t'  O  PO  CM  p*  t*  U)  R  N  b 


JL 


OS 

H 

< 

OS 

w 

e. 

s 

w 

f- 


u*  ziuo  ‘AlIAlSrUJia  1VWH3HX 


T3 


/ 


^Values  for  molten  silver  are  provisional. 

*ln  temperature  range  where  no  experimental  data  are  available. 


TEMPERATURE 


IjSIllS 

mi!P 


m 

I  §1 
H&a 

III! 

iiil 

Ilii 


asf  • 

■y  a  a  *  8-«a 

flJlls! 

iplllll 

illil3- 

•  «  *1*0  ® 

lllllli 


Ss:sis;s 


S£3gSSg€ 

liliiill 


f  ^  .  ■?  .a 

i^k? 

■»f  t  if  | 

■b  *  I  r  “ 
•s|  i  5  ■  s 

«5  e  a  o  s 

11 1 1 1  s 

-Ijlfl, 

X  «  «  fl  «  ©  - 


*1  if 

Vx;. 

*-•  r  j  ® 


£|  8  |  e  !-? 

®1  if  I  ^ 
|3  I  I  I  8* 
s#  f  i  f  *" 
|!  1 1  1 J. 

&  e  e  e  i 


«  *  g  mn 

2  i  5  s* 

I  a  1  °'a 

|  1  a  §1 
§  a  I  If 

S  I  8  «! 

g  a  2  g  * 

9  a  3  8a 

ills! 

i  I  i  if 

«HS‘ 


r  «  v 

gat 

g  *C  -5 

£  I  I 


•A  lA  (A  (A 

2»  m  o>  ® 

N  NON 


8  8  8 


8  3  8  8  8  8  8  8  2 

a  a  a  a  a  a  a  a  a 


r  1 

J  • 

i  *» 

<  d 


la  v5 

la 


d  d  d  a  d  d  a  d  ^ 
d  d  d  d  d  d  d  d  (fa 

i  HU  Hill 

1  ***8  Sill 


n  f  a  •  t>  oo 


RECOMMENDED  THERMAL  DIFFUS1VITY  OF  SODIUM 


167 


O' 

J 


*  *  *  * 

®  X  X  ^  CM  Oi  O  C£  ©  £»  «£ 

^  O  X  (C  'C  ^  to  (2  10  in  i/5  in  <r  “ 

©  o’  O*  0*0*  o’  0*0*0  0  o  c  o 


»hOOOO  OOOOO  o  o  o 

f»  t^OOOO  OOOOO  c  o  c 

C^riflCt'  XC50HN  ^  ^  15 


< 

> 

a 

§ 

w 


J-  V  f-  K  * 

■*r  n  cm  cm  «-i 


c 

u 

w 

tf 


Q 

o 

co 


<-  *  tt  #  «•  *  *  •"•  <:*  * 

00000  ooooj; 

OOOOO  X  35  o  !M  oi 

ooocno  e  a  «  ® 

ac  ©  ©  ©  *•*?  ®  rr  w  x 

©  ©  I?5  CM  r- 
CM  r-. 


©  o  n  o  o 

C  i/5  t-  ©  1/5 
cm  cm  m  r:  n 


1/5  *T  O  ■ 
©  O  t-  ' 
1/5  C5  W  ■ 


i  N  r;  t  ic  «txXioo  ^  ^  ^  15  5  *  < 


i„  .a  10 

0^4-^  • 

®  u  e 
^  -H  3  o  g 

©  -g  cc  w 

« I 'a 

I  a  os 

s  “2  «s 

S  .5  >  «  o 
5“ 


c  e ■ 


s*  O  • 

O.CO 


§  >» 


«  V  5  0  .2 

(j  i/5  S  CO 
i  O  x-  O  Q> 

_  ©  „.Ci  I* 

5  E  f  fen 

mil 

|  ss~  Z  ? 

5«Es- 
,"e5» 
y  ■+*  £  . 

a  .  i?  «3 

,  as  $  r  -g 
a  §  -  a  I 

ES 

3  o  £  .  » 
■-  —  rt  i*  c 
■o  i  <°  ■* 

~  |  §  I  £ 

fc.  5  *  **  3 

mil 
f  Ns! 


to 

■j: 

s 


■“  "  il  J=  I 

53 |s  s: 

K  =  s; 

I§|1 

|||| 


1 


j 

1 

i 

* 


1 


I 


J 

‘1 

fr 

* 

2 


C 

w 

os 

p 

o 

s 


X 

o 


r  -n 

rrrr 

rr— r  $r=i 

PF 

TT 

TT 

t~ti 

mT 

~r 

r 

~i 

rrr 

-L 

r 

1  Tl 

-I 

_l_ 

1 

1 

IT 

1 

1 

I 

F- 

- 

- — 

— 

— 

— 

— 

— - 

— 

- - 

— 

_ 

_ 

_ _ 

_ 

_ 

— 

— 

— 

— 

L 

"1* 

— 

— 

— 

— 

— 

— 

— 

— 

— 

_ 

— 

— 

“ 

“ 

5  / 

' 

t- 

- 

- - 

— 

— 

— 

— 

— 

_ 

_ 

_ 

_ 

_ 

— 

fr 

— 

~cC 

— E 

___ ... 

— 

— 

— 

_ 

_ 

_ 

_ 

_ 

f 

— 

-s 

- - T~" 

— 

'J 

_ 

/ 

_ 

L 

** 

— 

— 

— 

— 

— 

t'- 

- 

— 

U-J- 

_ 

_ 

_ - 

— 

— 

— 

— 

i 

_ 

“ 

1: 

__  _ 

_ 

_ _ 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

/ 

— - 

— 

— 

— 5 

—  - 

— 

— 

— 

— 

— 

— 

— 

-J 

7* 

_ 

_ _ 

_ 

-  - 

— 

— 

- - 

— 

_ 

___ 

- 

_ _ 

_ 

__ 

— 

r* 

"" 

— 

— - 

— 

___ 

~~ 

_  .. 

_ 

_ 

— 

— 

— 

— 

— 

— 

— 

— 

— - 

— 

— 

— = 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

““ 

7 

*  — 

- - 

■' 

~ 

_ 

. 

_ 

_ 

. — 

_ 

— 

— I 

HH 

III 

III 

11 

Ill 

| 

J 

1 

IH 

1 

ill 

_L 

.  _L 

_L_ 

u 

i 

.X 

1 

j_ 

ill 

LLL 

.X 

_ii 

gnu 

7 

4  I»  in  «  n  %(•«««  it-m  t:cj  |  ^  *  ~  N  a 

cuia  ‘AXIAIS.1i.CK]  1VWH3H1 


I 


JL 


■'In  temperature  range  where  no  expert! 


SPECIFICATION  TABLE  61.  THERMAL  DIFFUSIV1TY  OF  SODIUM 


169 


a 

i 

1 


* 

M 

© 

V 

§ 

I 

£ 


1 


a 

B 


c 

T3  CO 

S 

3  e  5 

!i| 


L.  k. 

as 

Q)  u 

«  w 


.  * 


I 

< 


I* 

3* 


13  ®  CO  05  - 

®  •  00  t-  ^ 

b  °  .  . 

x  -  °  ° 

In  .  . 

C)®NO 

a 


filsi 


££*  S'! 

« |>  g 

.**  .a-s 


S3  *.  ... 

1§°£* 

I  £*33! 

III!? 

If  |§a 

II  aril  i 


O  5*  a»  ^ 

a  8S  >.  1  a 
®  a.**  a  ® 

sill'a* 

■0  3®  V:o  5 

— «  .  M  t_.  Q 

milt 

—  5  S  ®  <  « 
»  «3  >  i  ..  p 

ts  a  a  ■=  o  g 
s|-8iaf 

|  o«  5 

Hlfl! 

DUO  ®  cj 

Ifl&ll 


< 

g  Q 
1* 

Is 

*4 

|a 

J| 

’1 1 

•if 

>> 

jl 

h 

33 


i 

fa 

O 

>« 

H 

I 

p 

u. 

b 

5 

j 


x 

H 


■c 

a 

B 

H 

s 


£ 


v 

if 

t 


a  B 


*-i  cj  «  Oi 
o>  oo  e-  <© 

in  to  in  a 

d  d  d  d 


nnn« 

Nt-NU1 
O  O  *4  W 


0  *, 


o^eo^CtfON*®^ 

tom^nNHoo) 

dddddddo 


spspspsp 


eo  oo  ■*«  *-t  »o 

1/5  1/5  V  n  N  H 
e  W  tfMD  0 

o  o  o’  o  o  o 


CO  ©  CO  CO  ©  00 
Ht Sn$« 
C-  fr-  t-  Q0  00  9* 


®wuo*rtiot-f-irtQ 

lAPAANttpt-W 

««««««««« 

dd©©d©d©d 


IIHHIH 


"*WPd»r 


FIGURE  AND  TABLE  62R.  PROVISIONAL  THERMAL  DIFFUSIVITY  OF  STRONTIUM 
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All  values  are  estimated. 
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^Temperature,  T,  K;  Thermal  Diffusivity,  a,  cm2  s“M 
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in  temperature  range  where  no  experimental  data  are  available. 
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SPECIFICATION  TABLE  64.  THERMAL  DIFFUSIVITY  OF  TANTALUM  (continued) 
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DATA  TABLE  64.  THERMA  L  DIFFUSIVITY  OF  TANTALUM 


RECOMMENDED  VALUES 


TEMPERATURE, 


TEMPERATURE,  K  FIGURE  65 


SPECIFICATION  TABLE  65.  THERMAL  DIFFUSIV1TY  OF  TECHNETIUM 
(Impurity  <0. 20%  each;  total  impurities  <0.  50%) 


FIGURE  AND  TABLE  67R.  PROVISIONAL  THERMAL  DIFFUSIVITY  OF  TERBIUM 
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FIGURE  AND  TABLE  66R.  PROVISIONAL  THERMAL  DIFFUSIVITY  OF  TELLURIUM 


PROVISIONAL  VALUES 
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from  30  to  100  K  and  1 15%  alx>ve  100  K.  At  low  temperatures  the  values  are  highly 
conditioned  by  impurity  and  imperfection,  and  those  below  30  K  are  applicable  only 
to  a  sample  having  residual  electrical  resistivity  of  0.000240  cm. 


FIGURE  AND  TABLE  C,9R.  PROVISIONAL  THERMAL  DIFFUSIVITY  OF  THORIUM 
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*  In  temperature  l  unge  where  no  experimental  data  are  available. 


TEMPERATURE,  K  FIGURE  69 


FIGURE  AND  TABi.E  70R.  PROVISIONAL  THERMAL  DIFKl  S1VTTY  OF  THUUUM 
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FIGURE  AND  TABLE  7SR.  RECOMMENDED  THERMAL  DIFFUSIVJTY  OF  VANADIUM 
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The  values  are  for  well-annealed  high-purity  vanadium  and  are  thought  to  be  accurate 
to  within  ±  10%  of  the  true  values  at  room  temperature  and  above  and  1 15%  below 
:J0  K.  Values  between  30  K  and  room  temperature  are  very  uncertain,  and  all  those 
lie  low  room  temperature  arc  provisional.  The  values  below  200  K  are  applicable 
only  to  vanadium  having  residual  electrical  resistivity  of  1. 72  f£2  cm. 
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TEMPERATURE,  K  FIGURE  75 


SPECIFICATION  TABLE  75.  THERMAL  DIFFUSIVITY  OF  VANADIUM 
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FIGURE  AND  TABLE  76H.  PROVISIONAL  THERMAL  DIFFUSIVITY  OF  YTTERBIUM 
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All  values  are  estimated. 


TEMPERATURE 


SPECIFICATION  TABLE  77.  THERMAL  DIFFU8IVITY  OF  YTTRIUM 
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TEMPERATURE,  K  FIGURE  78 
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TEMPERATURE.  K  FIGURE  79 


SPECIFICATION  TABLE  79.  THEBMAL  DIFFUSIVITY  OF  ZIRCONIUM 
(Impurity  <  0.  20%  each;  total  impurities  <  0.  50%) 
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SPECIFICATION  TABLE  81.  THERMAL  DIFFUSIVITY  OF  [ALUMINUM  f  OXYGEN}  ALLOYS 
(A1  +  Oi 99.  50%;  impurity  *0. 20%) 


SPECIFICATION  TABLE  82.  THERMAL  DIFFUSIVITY  OF  [ANTIMONY  +  COPPER]  ALLOYS 
(Sb  +  Cu  2  99. 50%;  impurity  SO.  20% each) 
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SPECIFICATION  TABLE  83.  THERMAL  DIFFUSIVITY  OF  [BERYLLIUM  +  ALUMINUM]  ALLOYS 


228 


No  figure  given. 
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SPECIFICATION  TABLE  85.  THERMAL  DIFFUSIVITY  OF  [COPPER  +  ANTIMONY)  ALLOYS 
(Impurity  <  o.  20%  each;  total  impurities  <  o.  50%) 


Ho  figure  given. 


SPECIFICATION  TABLE  86.  THERMAL  DIFFUSIVITY  OF  [COPPER  +  ARSENIC]  ALLOYS 
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No  figure  given. 


SPECIFICATION  TABLE  87.  THERMAL  DIFFUSIVITY  OF  (COPPER  +  NICKELJ  ALLOTS 
(Cu  +  Ni  a 99.  50%;  impurity  so.  20%  each) 


:  87.  THERMAL  D1FFUSSV1TY  OF  [COPPER  +  NICKEL]  ALLOYS 
(Cu  +  Ni  a  99.  50%;  impurity  so.  20%  each) 

[Temperature,  T,  K;  Thermal  Diffusivity.  a.  cm*  s“tj 


SPECIFICATION  TABLE  88.  THERMAL  DIFFUSIVITY  OF  [COPPER  +  SILVER!  ALLOYS 
(Cu  +  Ag  a  99.  50%;  impurity  SO.  20%  each) 
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No  figure  given. 


SPECIFICATION  TABLE  89.  THERMAL  D1FFUSIVITY  OF  [COPPER  +  TIN)  ALLOYS 


No  figure  given. 
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TEMPERATURE,  K  FIGURE  90 


SPECIFICATION  TABLE  90.  THERMAL  DIFFUSIVITY  OF  [COPPER  +  ZINC)  ALLOYS 
(Cu  +  Zn  ?  99.  50%;  impurity  SO.  20%  each) 


DATA  TABLE  90.  THERMAL  DIFFUSIVITY  OF  [COPPER  +  ZINC]  ALLOYS 
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SPECIFICATION  TABLE  92.  THERMAL  DIFFUSTVITY  OF  [HAFNIUM  +  ZIRCONIUM]  ALLOYS 
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TEMPERATURE,  K  FIGURE  93 


SPECIFICATION  TABLE  93.  THERMAL  DIFFUSIVITY  OF  [MOLYBDENUM  ♦  TITANIUM]  ALLOYS 
(Mo  +  Ti  2  99.  50%;  Impurity  so.  20%  each) 
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Not  shown  in  figure. 


SPECIFICATION  TABLE  94.  THERMAL  DIFFUSIV1TY  OF  [MOLYBDENUM  ♦  TUNGSTEN)  ALLOYS 
(Mo  +  W  a  99.  50%;  impurity  so.  20%  each) 


Not  abown  in  figure. 


SPECIFICATION  TABLE  95.  THERMAL  D1FFUSIVITY  OF  [NICKEL  +  IRON]  ALLOYS 


No  figure  given. 


TEMPERATURE,  K  FIGURE 


SPECIFICATION  TABLE  96.  •-  THERMAL  DIFFUSIVITY  OF  [NICKEL  +  MANGANESE]  ALLOYS 

(N1  +  Mn  a  99.  50%;  impurity  *0. 20%  each) 
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TEMPERATURE 


SPECIFICATION  TABLE  97.  THEKMAL  D1FFUSIVITY  OF  [NIOBIUM  +  TANTALUM]  ALLOYS 
(Nb  +  Ta  >99.  50%;  impurity  40.  20%  each) 
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SPECIFICATION  TABLE  98.  THERMAL  D1FFUSIVITY  OF  (POTASSIUM  +  SODIUM)  ALLOYS 
(K  +  Na  ^*99.  50%;  impurity  *0.  20%  each) 
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TEMPERATURE 


SPECIFICATION  TABLE  99.  THERMAL  DIFFUSIVITY  OF  [TANTALUM  +  NIOBIUM1  ALLOYS 
(Ta  +  Nb»99.  50%;  impurity  *0.  20%  each) 
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SPECIFICATION  TABLE  100.  THEBMAL  DIFFUSIVITY  OF  [TANTALUM  +  TUNGSTEN)  ALLOYS 
(Ta  +  W  s  99.  50%;  impurity  40.  20%  each) 


TEMPERATURE,  K 


SPECIFICATION  TABLE  101.  THERMAL  D1FFUSIVITY  OF  [TITANIUM  +  ALUMINUMS  ALLOYS 
(Ti  +  A1  a  99.  50%;  impurity  SO.  20%  each) 
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SPECIFICATION  TABLE  102.  THERMAL  DIFFUSTVITY  OF  [ZIRCONIUM  +  DYSPROSIUM]  ALLOYS 
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Not  shown  in  figure. 


THERMAL  DIFFUSIVITY  OF 
ZIRCONIUM  +  TIN  ALLOYS 
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TEMPERATURE 


SPECIFICATION  TABLE  103.  THERMAL  D1FFUSIVITY  OF  [ZIRCONIUM  +  TIN)  ALLOYS 
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DATA  TABLE  103.  THERMAL  D1FFUS1VITY  OF  (ZIRCONIUM  +  TIN)  ALLOYS 


Not  shown  in  figure. 


SPECIFICATION  TABLE  104.  THERMAL  DIFFUSIV1TY  OF  [ZIRCONIUM  +  URANIUM]  ALLOYS 
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3.  NONFERROUS  MULTIPLE  ALLOYS 
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TEMPERATURE,  K  FIGURE  K>5 


SPECIFICATION  TABLE  105.  THEBMAL  DIFFUSIVITY  OF  [ALUMINUM  +  COPPER  +  £X,]  ALLOYS 
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DATA  TABLE  105.  THERMAL  DIFFUSIVITY  OF  (ALUMINUM  +  COPPER  +  IX. f  ALLOYS 
(A1+  Cu  <99. 50%or  at  least  one  X(  >0.20%) 

(Temperature,  T,  K;  Thermal  Diffusivity,  a,  cm*  s_,| 
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TEMPERATURE,  K  FIGURE  106 


SPECIFICATION  TABLE  106.  THERMAL  DIFFUSIVITY  OF  [ALUMINUM  +  IRON  +  EXj]  ALLOYS 
(Al+  Fe<99,50%or  at  least  one  X.  >0.20%) 


DATA  TABLE  106.  THERMAL  D1FFUSVITY  OF  (ALUMINUM  ¥  IRON  +  LX.)  ALLOYS 


SPECIFICATION  TABLE  107.  THERMAL  DIFFUSIVITY  OF  [ALUMINUM  ♦  MAGNESIUM  +  SX.)  ALLOYS 
(A1+  Mg<99. 50%or  »1  leest  one  >0.20%) 


No  figure  given. 
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DATA  TABLE  106.  THERMAL  DIFFUSIVITY  OF  (ALUMINUM  +  SILICON  +  QU  ALLOYS 
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SPECIFICATION  TABLE  109.  THERMAL  DIFFUSIVITY  OF  [ALUMINUM  +  ZINC  +  EX.)  ALLOYS 


281 


thehmal  DiFFUsrvrrr  of  (aluminum 


282 


SPECIFICATION  TABLE  110.  THERMAL  D1FFUSIVITY  OF  [ANTIMONY  +  EX  1  ALLOYS 


No  figure  given. 


TEMPERATURE 


SPECIFICATION  TABLE  111.  THERMAL  DIFFUSIVITY  OF  [BERYLLIUM  +  MAGNESIUM  +  EXjl  ALLOYS 
(Be  +  Mg  <  99.  50% or  at  least  one  X(  >  0. 20%) 


SPECIFICATION  TABLE  U2.  THERMAL  DIFFUf  TVITY  OF  (COBALT  +  CHROMIUM  +  SX,1  ALLOYS 

(Co  +  Cr  <  99. 50%  or  at  least  one  Xj  >  0. 20%) 


*  No  n*nre  flreo. 


SPECIFICATION  TABLE  114.  THERMAL  DIFFU8IVITY  OF  [GOLD  +  SX  ] 


SPECIFICATION  TABLE  US.  THF8MAL  DIFFUSVITY  OF  [HAFNIUM  +  TANTALUM  +  LX,)  ALLOTS 
(Hf+  Ta<99. 50% or  at  least  one  X,  >  0. 20%) 
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SPECIFICATION  TABLE  116.  THERMAL  DIFFUSIVITY  OF  [LITHIUM  +  SODIUM  +  EX.]  ALLOYS 
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No  figure  given. 


TEMPERATURE,  K  FIGURE  117 
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SPECIFICATION  TABLE  118.  THERMAL  DIFFUSIVITY  OF  ! MAGNESIUM  +  THORIUM  +  SXj]  ALLOYS 

(Mg+  Th  <99. 50%or  at  least  one  X(  >0.20%) 
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nATA  TABLE  1X8.  THERMAL  DIFFU8TVTTY  OF  [MAGNESIUM  +  THORIUM  +  EXjJ  ALLOYS 
(Mg+  Th< 99. 50%or  at  least  ooe  X(  > 0.20%)  * 

[Temperature,  T,  K-,  Thermal  Difluaivlty,  a,  cm*  s'1) 
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SPECIFICATION  TABLE  U9. 


SPECIFICATION  TABLE  119.  THERMAL  DIFFU8TVITY  OF  [NICKEL  +  CHROMIUM  +  EXj)  ALLOYS  (continued) 


DATA  TABLE  119.  THERMAL  DIFFUSIVITY  OF  [NICKEL  +  CHROMIUM  +  £X()  ALLOYS 
(Ni  +  Cr  <  99.  50% or  at  least  one  X.  >  0. 20%) 
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SPECIFICATION  TABLE  120.  THERMAL  DIFFUSIVTTY  OF  [NICKEL  +  COBALT  +  £X,|  ALLOYS 
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No  figure  given. 
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SPECIFICATION  TABLE  122.  THERMAL  DIFFUSIVITY  OF  [NICKEL  +  IRON  +  EXjl  ALLOYS 
(Ni  +  Fe  <  99. 50%  or  at  lea''!  one  X.  >  0. 20%) 


TEMPERATURE.  K  FIGURE  123 


SPECIFICATION  TABLE  123.  THEBMAL  DIFFUSIVITY  OF  [NICKEL  +  TITANIUM  +  »  ]  ALLOYS 
(NI+  Ti  <99. 50%or  at  least  one  X(  >0. 20%) 
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TEMPERATURE. 


DATA  TABLE  124.  THERMAL  DIFFUSIVITY  OF  [NICKEL  4  EX.]  ALLOYS 


SPECIFICATION  TABLE  125.  THEBMAL  DIFFUSIVITY  OF  [NIOBIUM  +  MOLYBDENUM  +  EX,)  ALIXJYS 

(Nb+  Mo  <  99. 50%or  «i  leut  one  X,  >  0. 20%) 
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SPECIFICATION  TABLE  126.  THERMAL  DIFFUSIVITY  OF  [NIOBIUM  +  TANTALUM  +  EX.]  ALLOYS 
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SPECIFICATION  TABLE  127.  THEBMAL  DIFFUSIVITY  OF  [NIOBIUM  +  TITANIUM  +  EXj]  ALLOYS 
(Nb  +  Ti  <  99. 50%  or  at  least  one  X(  >0. 20%) 
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TEMPERATURE,  K  FIGURE  128 
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THERMAL  DIFFUSIVITY  OF 


TEMPERATURE,  K  FIGURE 


SPECIFICATION  TABLE  130.  THERMAL  DIFFUSIVITY  OF  [TANTALUM  +  TUNGSTEN  +  EX.]  ALLOYS 


age  of  four  or  five 
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SPECIFICATION  TABLE  131.  THERMAL  DIFFUSIVITY  OF  [TITANIUM  +  ALUMINUM  +  EXj]  ALLOYS 
(Tf  +  A1  <  99. 50%or  at  least  one  X;  >0. 20%) 
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THERMAL  DIFFUSIVITY  OF 


TEMPERATURE,  K  FIGURE  132 


4.  FERROUS  ALLOYS 


A.  Carbon  Steels 


TEMPERATURE.  K  FIGURE  133 


SPECIFICATION  TABLE  133.  THEBMAL  DIFFUSIVITY  OF  (IKON  +  CARBON  +  EXjJ  ALU)YS  (GROUP  I) 
(X,  *0.  20%  except  Mn,  P,  S,  Si  *0.  60%  each) 
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Not  shown  In  figure. 
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TEMPERATURE.  K  FIGURE  134 
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4.  FERROUS  ALLOYS  (continued) 


B.  Alloy  Steels 


THERMAL  DIFFUSIVITY  OF 
IRON + CHROMIUM  +  IXj  ALLOYS 

GROUP  I  _ 


TEMPERATURE.  K  FIGURE  135 


SPECIFICATION  TABLE  135.  THERMAL  DIFFUS1VITY  OF  [IRON  +  CHROMIUM  +  EX^  ALLOYS  (GROUP  II) 
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SPECIFICATION  TABLE  138.  THERMAL  DIFFUSIVITY  OF  [IRON  +  MANGANESE  +  £X.|  ALLOYS  (GROUP  II) 


uniformly  irradiated  by  a  very  short  pulse  of 
radiant  energy  supplied  by  a  xenon  flash  tube; 
diffusivity  determined  from  measured  history  of 
the  back  surface  temperature;  temperature  at 
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DATA  TABLE  146.  THERMAL  DIFFUSIVITY  OF  ALUMINUM  OXIDE  Al,Oj  (continued) 


Not  shown  in  figure. 


THERMAL  DIFFUSIVITY  OF 


TEMPERATURE.  K  FIGURE  147 


387 


DATA  TABLE  147.  THERMAL D1FFUSIVITY  OF  BERYLLIUM  OXIDE  BeO 
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SPECIFICATION  TABLE  148.  THERMAL  DIFFUSIV1TY  OF  HYDROOEN  OXIDE 
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SPECIFICATION  TABLE  155.  THERMAL  D1FFUSIVITY  OF  URANIUM  DIOXIDE  UO, 
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SPECIFICATION  TABLE  155.  THERMAL  DIFFUSIV1TY  OF  URANIUM  DIOXIDE  UOj  (continued) 
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DATA  TABLE  155.  THERMAL  DIFFUSIVITY  OF  URANIUM  DIOXIDE  UO, 
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•Not  shown  in  figure. 


SPECIFICATION  TABLE  183.  THERMAL  DIFFUSIV1TY  OF  (ZIRCONIUM  DIOXIDE  ♦  YTTRIUM  OXIDE|  Zr02  +  Y20, 


No  figure  given. 


9.  NONOXIDE  COMPOUNDS 


THERMAL  DIFFUSIVITY  OF 


TEMPERATURE.  K  FIGURE  184 


THERMAL  DIFFUSIV1TY  OF  BISMUTH  TELLUR  IDE 


Not  shown  In  figure. 
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SPECIFICATION  TABLE  184.  THERMAL  DIFFUSIVITY  OF  BISMUTH  TELLUR1DE  Bi,Te,  (continued) 


DATA  TABLE  184.  THERMAL  DIFFUSIVITY  OF  BISMUTH  TELLUR  IDE  Bi2Te3 
[Temperature,  T,  K;  Thermal  Diffusivity,  a,  cm2  s“*| 
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•Not  shown  in  figure. 


No  figure  given. 


DATA  TABLE  186.  THERMAL  DIEFL'SIVITY  OF  GALLIUM  ARSENIDE  GaAs 


Not  shown  in  figure. 


SPECIFICATION  TABLE  188.  THEBMAL  DIFFUSIVmr  OF  HAFNIUM  CAHBIDE 


TEMPERATURE.  K  FIGURE  189 
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No  figure  given. 
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TEMPERATURE,  K  FIGURE  191 
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SPECIFICATION  TABLE  192.  THERMAL  DIFFUSIVITY  OF  MOLYBDENUM  DITELLURIDE  MoTe. 
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No  figure  given. 
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TEMPERATURE.  K  FIGURE  193 


SPECIFICATION  TABLE  193.  TH  'MAL  DIFFUSIVITY  OF  NIOBIUM  CARBIDE 


475 


I 

\ 


476 


u 

Q 

3 


s 

fa 

g 

o 

H 

fa 


fa 

O 

>< 

H 

> 

58 

fa 

fa 

fa 

3 

j 


u 

fa 

CQ 

g 

2 

O 

H 

< 

y 

fa 

G 

» 

fa 

<z> 


a 

s 

o 

o 


T3  C  O 

Ml 

III 

§  a.  ® 
z"(5 


as 

V  u. 

fa  fa 


eg, 

II 

fa 


I 

3 

*< 


s* 


i?«  u  *3 


111 

ll* 


$  *  .  V  'S  ®  .2 

*".*l**!fl 

sgsHiM 

35S»©-0-,k' 

a  ^  g  ..  «  >3 
“  «  .§  «  «j  ® 


§ 


aa  *o  - 
o  i)'I 

■§  J  1 
g-se 

S'”0  a 

1  *  i 


■£  a  i 

^"O  I  i 

f  g  sf  iTS  S-  j 

o2  82  !5id  g  ! 

g.S  J  ““■a  mb'! 

2  »  u  m  C  • 

2  -2  Si*- §2  2  ! 

§  O  >,3  a,^  1 

£  £^Sg>ti 

Sasllsls 

S»cNse5- 
£  S  S-8  fe-go  « 
asas  •  h«  2 
.“do&SSa 
3.S“°  =  Sv 


i  *o  — 
i  -P  ^ 

“  &  a< 


all 


c§»§ias« 
5  aj  «  S  S  “  - 


zi« 

rf  «  3 

o  ®  g 
o'  6  o 

•a  .2  ^ 

SI2 

ol? 


U  fc.  2  05  _  -  J  ’ 

8 3  s ”’a 

o  si  3  “iff  a  j 
^  “•  on  rt  =«-  >  «  &-£ 
O  >>  ta  >  o  m  _o  Er  : 
-,2  «  - 

•Slllfli-ss 

ft3  £  8  gM  s 
E  fc-S  8 1  g  <='  3  j 

a  s  gsr  s  s  I  < 


v  ■S 

a-5 

£ 


VS°®|6S£ 


-2  ill 


U  a.—  e  t-  Q  2)  >> 

jj  §  Sa  s-J 
t-S  Isis'S  o  g  1 

I1.3  as  8  3  a; 


£ 


fa 

fa 

< 

u 

S 

fa 

g 

o 

H 

fa 

fa 

fa 

fa 

O 

I* 

H 

> 

3 

fa 

fa 

fa 

5 

fa 


s 

H 


fa 

fa 

n 

< 

H 

< 

H 

< 

Q 


I 

a 

e 


I'HNNN^f  Wt* 
nnwwconrtnn 
oooooooo  o 

0000  0*0  0*00 


NNNNNNCMNN 

OlCOH^Nlfllfl^CD 

lft(fit»t*«iOOOO 

Tf  ^  w ’f  in  (D  ID  to 


fll  t-  fll  N  N  >H  O  i  - .  --  - 

oiNc^eoweoeowweowcoeot 
©oooo©o©©©<“~‘“' 

o*  o*  ©  o’  o'  o*  o’  ©©*©*©©’©  o*  o"  o’  o" 


NNNNNNNNNNNNNNNNN 

4  i  s  s  s'  s'  s  s  s  s'  s  s'  a  a  a  s  s' 

booHpiHHHHNeiwnnnnn 


SSSSi 

sis; 


Ssssisssissss 


ooooooooooooooooo 

NNNNNNNN NNNNNNNNN 
O  O  H  H  Ifl  W  t>*  t-  »  tt  H  4  H  H  H  H  H 

gseessssllsssgg8s 

fH  H  H  H 


No  figure  given. 


SPECIFICATION  TABLE  195.  THERMAL  DIFFCSIVITY  OF  SIUCON  CARBIDE  SiC 
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[Temperature,  T,  K;  Thermal  Diffusivity 


k>  figure  given. 


SPECIFICATION  TABLE  196.  THERMAL  DIFFUSIVITY  OF  SILVER  BROMIDE  AgBr 
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No  figure  given. 


SPECIFICATION  TABLE  197.  THERMAL  DIFFUSIVITY  OF  SILVER  ANTIMONY  TELLURIDE  AgSbTe, 
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No  figure  given. 


TEMPERATURE,  K  FIGURE  200 
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TEMPERATURE,  K  FIGURE  201 


SPECIFICATION  TABLE  201.  THERMAL  DIFFUSIVITY  OF  TITANIUM  CARBIDE  TiC 
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radial  diffusivity  technique  used. 


SPECIFICATION  TABLE  201.  THERMAL  DIFFUSIVITY  OF  TITANIUM  CARBIDE  TiC  (continued) 
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DATA  TABLE  210.  THERMAL  DIFFUSIV1TY  OF  ZIRCONIUM  CARBIDE 


♦Not  shown  In  figure. 
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TEMPERATURE,  K  FIGURE  211 


SPECIFICATION  TABLE  211.  THERMAL  DIFFUSIVITY  OF  ZIRCONIUM  NITRIDE 


Not  shown  in  figure. 
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SPECIFICATION  TABLE  213.  THERMAL  DIFFUSIVITY  OF  [ANTIMONY  SULFIDE  +  SULFUR] 


No  figure  given. 
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No  figure  given. 
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SPECIFICATION  TABLE  220.  THERMAL  DIFFUSIVITY  OF  | MOLYBDENUM  D1TELLURIDE  +  TUNGSTEN  DITELLUR IDE|  MoTe2  +  WTe 
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No  figure  given. 


THERMAL  DIFFUSIVITY  OF 
URANIUM  CARBIDE  +  PLUTONIUM  CARBIDE 


TEMPERATURE,  K  FIGURE  221 
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SPECIFICATION  TABLE  257.  THERMAL  DIFFUSIVITY  OF  POLYTRIFLUOROCHLOROETHYLENE 
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SPECIFICATION  TABLE  260.  THERMAL  DIFFUSIVITY  OF  RESIN 
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SPECIFICATION  TABLE  261.  THERMAL  DIFFUSIVTTY  OF  RUBBER 
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DATA  TABLE  261.  THERMAL  DIFFUSIVITY  OF  RUBBER 
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SPECIFICATION  TABLE  268.  THERMAL  DIFFUSIVITY  OF  CABBAGE 
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DATA  TABLE  274.  THERMAL  D1FFUSIVITY  OF  GRAPEFRUIT 
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SPECIFICATION  TABLE  279.  THERMAL  D1FFUSIV1TY  OF  POTATO 
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Material  Index 


Material  Name 


1. 1  C  tool  steel  (see  under  carbon  steels) 
23D  245  steel  (see  under  alloy  steels) 

23H  566  steel  (see  under  alloy  steels) 

50  Cu-  50  Ni  alloy 
"A"  nickel 
Acrylic 


AISI  202  steel  (see  under  stainless  steels) 
AISI  301  steel  (see  under  stainless  steels) 
AISI  302  steel  (see  under  stainless  steels) 

AISI  304 "  “  »  "  * 

AISI  309  steel  (see  undef  stainless  steels) 
AISI  316  steel  (see  under  stainless  steels) 
AISI  321  steel  (see  under  stainless  steels) 
AISI  347  steel  (see  under  stainless  steels) 
AISI  410  steel  (see  under  stainless  steels) 
AISI  416  steel  (see  under  stainless  steels) 
AISI  430  steel  (see  under  stainless  steels) 
AISI  446  steel  (see  under  stainless  steels) 
AISI  1018  steel  (see  under  carbon  steels) 
AISI  1045  steel  (see  under  carbon  steels) 
AISI  3140  steel  (see  under  alloy  steels) 
Alloy  steels  (specific  types) 

23D  245  (Bethlehem  Steel  Co.) 

23H  566  (Bethlehem  Steel  Co.) 

AISI  3140 

GX  4881  (Bethlehem  Steel  Co.) 

HX  4249  (Bethlehem  Steel  Co.) 

SAE  4130 
SAE  4340 


Aluminosilicate  refractories 
Aluminum 


Material  Name 


Aluminum  alloys  (specific  types) 


Aluminum  +  Copper  +  LX. 

Aluminum  s  Iron+  LX{ 

Aluminum  +  Manganese 
Aluminum  +  Magnesium  +  LX. 

Aluminum  oxide  (Al^Oj) 

(Aluminum  oxide  +  Molybdenum)  cermets 
Aluminum  oxide  +  Silicon  dioxide 
Aluminum*  Oxygen 
Aluminum  silicate  (AljSijO^) 

Aluminum  +  Silicon  *  LX. 

Aluminum  *  Zinc  *  LX, 

Anthracite 

Antimony 

Antimony  +  Copper 
Antimony  sulfide  *  Sulfur 
Antimony  +  LXj 
Apple  sauce 

Armco  iron  (see  iron,  Armco) 

Arsenic 

Asbestos  cement  board 

ATJ  graphite  (see  under  graphites) 

AXM-5Q1  graphite  (see  under  graphites) 


Barium 


Barium  sulfate  (Ba304) 


i 


% 


Material  Name 

Page 

Material  Name 

Page 

Barium  sulfate  -i-  Zinc  sulfide  +  Zinc  oxide 

520 

Carbon  steels  (specific  types)  (continued) 

Basalt  +  Dolomite 

432 

Russian  steel  35 

354 

Basalt  +  Homblendite 

432 

Russian  steel  45 

355 

BDQ  115  glass-ceramic  (see  under  glass- 

SAE  1020 

354 

ceramics) 

Carrot 

631 

Beef 

625 

Castor  oil 

632 

Beet 

626 

Cat  brain  tissue 

628 

Beryllium 

11 

Celkate  T-21 

440 

Beryllium  +  Aluminum 

228 

Cellular  silicone 

619 

Beryllium  +  Magnesium  +■  EX. 

285 

CEP  graphite  (see  under  graphites) 

Beryllium  oxide  (BeO) 

386 

Cercor  Brand  glass-ceramic  (see  under 

Bismuth 

12 

glass-ceramics) 

Bismuth  telluride  (BijTej) 

456 

Cerium 

43 

Blanc  fixe 

413 

Cesium 

44 

Boron 

16 

Channel  black 

22, 

35 

Boron  carbide  (B4C) 

461 

Chromium 

45 

Brain  tissue 

627 

Clay 

546 

Brass  (see  under  copper  alloys) 

Codfish  pulp 

635 

Bricks 

569 

Cons  tan  tan  (see  under  copper  alloys) 

Cupola  brick 

570 

Copper  alloys  (specific  types) 

Firebrick 

570 

Brass 

239 

Ladle  brick 

570 

Constantan 

234 

Brown  coal 

35 

» 

Yellow  brass 

239 

Burmese  teak 

646 

Copper  +  Aluminum  +  EXj 

288 

Cabbage 

630 

Cobalt 

48 

Cadmium 

17 

Cobalt  -t  Chromium  +  EX{ 

287 

Calcium 

20 

Cobalt  +  Silicon 

229 

Calcium  carbonate  (CaCOj) 

414 

Cohimblum  (see  niobium) 

Calcium  tungstate  (CaW04) 

415 

Columbium  alloys  (see  niobium  alloys) 

Carbon  (amorphous) 

21 

Concrete 

572 

Carbon  steels  (specific  types) 

Copper 

51 

1.1  C  tool  steel 

335 

231 

Copper  +  Antimony 

AI8I  1018 

358 

232 

Copper  +  Arsenic 

A19I  1046 

358 

58 

Copper,  deoxidised 

Russian  steel  16 

354 

Copper,  electrolytic 

59 

A3 


Material  Name 

Page 

Material  Name 

Page 

Copper,  electrolytic  tough-pitch 

54 

Gallium 

68 

Copper  +  Nickel 

233 

Gallium  arsenide  (GaAs) 

462 

Copper,  OFHC 

53, 

Gas  coal 

22, 

54, 

35 

• 

55, 

57 

Germanium 

69 

Copper,  phosphor! zed 

54 

Germanium  +  Silicon 

241 

Copper  +  Silver 

236 

German  steel  X8CrNiMoNb  16  16  (see  under 

stainless  steels) 

Copper,  spectrographically  standardized 

57 

Glass-ceramics 

581 

Copper  +  Tin 

237 

BDQ  115 

583 

Copper  +  Zinc 

238 

Cercor  Code  9690 

582, 

Corned  beef 

625 

583 

Corrugated  sheets 

552 

Pyroceram  Code  9606 

582, 

583 

Corundum 

383 

Pyroceram  Code  9608 

582 

CS  graphite  (see  under  graphites) 

Glasses 

577 

Deoxidized  copper  (see  copper,  deoxidized) 

Corning  Code  0080 

441, 

Diamond 

24 

578 

Dixie  clay 

546 

Corning  Code  1723 

432, 

57R 

Dysprosium 

62 

Corning  Code  7740 

437, 

578 

Ebonite  (see  under  rubber) 

- 

Corning  Code  7900 

436, 

Egg 

633 

578 

Eggplant 

634 

Corning  Code  8325 

435, 

578 

Electrolytic  copper  (see  copper,  electrolytic) 

Corning  Code  8362 

439, 

Electrolytic  tough-pitch  copper  (see  copper, 

578 

electrolytic  tough-pitch) 

« 

Corning  Code  8363 

579 

Elements 

1 

Corning  Code  8370 

579 

Erbium 

65 

Foam  glass 

579 

Europium 

66 

Plate  glass 

579 

Expanded  pyrolytic  graphite  (see  under  graphites) 

Synthetic  tektite  (Corning) 

579 

Ferric  oxide 

391 

Glycerol 

589 

Ferrous  alloys 

331 

Gold 

73 

Fish 

635 

Gold  +  £X. 

289 

Fluorocarbons 

588 

Graphites  (specific  grades  or  types) 

Foam  glass  (see  under  glasses) 

7087 

29 

Foods  and  biological  materials 

621 

ATJ 

25 

Fused  silica  [see  silicon  dioxide  (ftised)) 

AXM-5Q1 

37 

Gadolinium 

87 

Material  Name 

Page 

Material  Name 

Page 

Graphites  (specific  grades  or  types)  (continued) 

Holmium 

78 

CEP 

32, 

33, 
37 

Hydrogen  oxide  (H20) 

HX  4249  steel  (see  under  alloy  steels) 

390 

CS 

29, 

36, 

37 

Ice 

Inconel  (see  under  nickel  alloys) 

390 

Pyrolytic 

Pyrolytic,  expanded 

Pyrolytic,  Supertemp 

Reactor  grade 

RVD 

SX-S 

Thermax  "W" 

TS-699 

U.  B.  graphite  "A" 

U.B.  graphite  ”G" 

U.  B.  graphite  "R” 

U.B.  graphite  "Z” 

"W"  graphite,  Specialties  Co. 

Granite  +  Blast  furnace  slag 

Grapefruit 

32, 

37 

37 

33 

37 

38 

37 

30, 

36 

36 

31 

31 

31 

31 

31 

438 

636 

Inconel  "X"  (see  under  nickel  alloys) 

Indium 

Indium  antimonide  (InSb) 

Iodide  titanium 

Iodine 

Iridium 

Iron 

Iron,  Armco 

Iron,  Hiperm 

Iron  +  Carbon  +  LX.  (Group  I) 

Iron  +  Carbon  +  LX].  (Group  11) 

Iron  +  Chromium  *  LX;  (Group  II) 

Iron  +  Chromium  t-  Nickel  +  LX.  (Group  II) 

Iron  disilicide  +  Cobalt  disilicide 

Iron  disilicide  +  Iron-aluminum  (Intermetallic 
compound) 

79 

370 

196 

80 

81 

82 

84- 

95 

94 

332 

334 

338 

344 

527 

529 

"GRD"  nickel  (see  under  nickel  alloys) 

Iron,  electromagnetic  grade'r 

94 

GX  4881  steel  (see  under  alloy  steels) 

Iron  +  Manganese  +  LX{  (Group  I) 

353 

Hafnium 

77 

Iron  +  Manganese  +  LXj  (Group  II) 

357 

Hafnium  carbide  (HfC) 

467 

Iron  +  Nickel  +  LX.  (Group  II) 

360 

Hafnium  diboride  (HfBj) 

465 

Iron  +  Nickel  +  Chromium  +  LX.  (Group  II) 

362 

Hafnium  diboride  +  Carbon 

521 

Iron  orthosilicate  (Fe2Si04) 

416 

Hafnium  diboride  +  Silicon  carbide 

523 

Iron  orthosilicate  +  Magnesium  orthosilicate 

427 

Hafnium  diborlde  +  Silicon  carbide  +  Carbon 

525 

Iron  oxide  (Fe203) 

391 

Hafnium  -t-  Tantalum  +  LX( 

290 

Iron  siliclde  (FeSi) 

468 

Hafnium  +  Zirconium 

242 

Iron  +  Silicon  +  LXj  (Group  I) 

366 

Ham 

639 

Iron+  Silicon  +  LX(  (Group  II) 

368 

Haynes  Stellite  25  (cobalt  alloy) 

287 

Juice 

640 

Hf-20Ta-2Mo  alloy 

291 

Kaolin  fibers 

573 

Hlperm  iron  (see  iron,  Hiperm) 

"K”  Monel  (see  under  nickel  alloys) 

A5 


Material  Name 

Page 

Material  Name 

Page 

Laminates 

554 

Magnesium  aluminate  +  Sodium  oxide 

428 

Epoxy-reinforced  fiberglass 

559 

Magnesium  +  Aluminum  +  EX. 

293 

Glass  cloth-reinforced  phenolic  resin 

558, 

Magnesium  carbonate  (MgCOs) 

421 

559 

Magnesium  germanide  (Mg2Ge) 

374 

Lamacoid 

555 

Magnesium  orthosilicate  (Mg2Si04) 

422 

Micarta 

559 

Magnesium  oxide  (MgO) 

393 

Phenolic-asbestos 

555 

Magnesium  oxide  +  Aluminum  oxide 

429 

Phenolic-asbestos  cloth 

556, 

557 

Magnesium  stannide  (MgjSn) 

375 

Phenolic-graphite  cloth 

557, 

Magnesium  +  Thorium  +  EX, 

295 

558 

Manganese 

111 

Phenolic-graphite  mat 

558 

Marble 

547 

Phenolic-refrasil  cloth 

557 

Mercury 

112 

Plastic 

553, 

555, 

Mica 

548 

556 

Milk  curd 

641 

Si  licone-asbestos 

558 

Minerals  and  rocks 

545 

Textolite 

559 

Mint  gold 

289 

Laminates  (metallic-nonmetallic) 

553 

Mixtures  of  nonoxides 

517 

Laminates  (nonmetallic) 

554 

Mixtures  of  oxides 

425 

Lanthanum 

101 

Molybdenum 

113 

Lead 

102 

Molybdenum  alloys 

Lead  oxide  (PbO) 

392 

Mo-0.  05Ti-0. 08Zr 

245 

Lead  telluride  (PbTe) 

470 

Mo-29.  83W-0.  07Zr-0. 012C 

247 

Litharge 

392 

Molybdenum  ditellur ide  (MoT  e2) 

473 

Lithium 

107 

Molybdenum  ditelluride  +  Tungsten  ditelluride 

531 

Lithium  fluoride  (LiF) 

471 

Molybdenum  +  Titanium 

244 

Lithium  +  Sodium  +  LX. 

292 

Molybdenum  +  Tungsten 

246 

Llthopone 

520 

Monel  "K"  (see  ”K"  Monel  under  nickel  alloys) 

Lucalox 

383 

Mullite 

412 

Lutetium 

108 

Multiple  oxides  and  salts 

411 

Magnesium 

109 

Neodymium 

119 

Magnesium  alloys  (specific  types) 

Nerofil 

22 

AN-M-29 

294 

Nickel 

120 

HK31 

296 

Nickel  200 

122 

HK31A 

296 

Nickel  alloys  (specific  types) 

Magnesium  aluminate  (MgAlJ0<) 

418 

"GRD"  nickel 

310 

Material  Name 

Page 

Material  Name 

Page 

Nickel  alloys  (specific  types)  (continued) 

Nylon 

595 

Inconel 

299 

OFHC  copper  (see  copper,  OFHC) 

Inconel  "X" 

299 

Olivine 

417, 

427 

”K"  Monel 

304 

Orange  marmalade 

642 

Permanickel 

308 

Organic  compounds 

587 

Russian  alloy  0Kh2O  N60B 

299 

Osmium 

130 

Russian  alloy  0Kh21  N78T 

300 

Packed  beds  (nonmetallic) 

562 

Nickel  +  Chromium  +  EX. 

298 

Palladium 

131 

Nickel  +  Cobalt  +  EX. 

302 

Permanickel  (see  under  nickel  alloys) 

Nickel  +  Copper  +  EX. 

303 

Petroleum  coke 

22, 

Nickel  +■  Iron 

248 

35 

Nickel  +  Iron  +  EXj 

305 

Phenol-formaldehyde  plastic,  reinforced 

575 

Nickel,  spectrographically  standardized 

122 

Phenolic  resin 

615 

Nickel  +  Manganese 

249 

Phlogopite 

548 

Nickel  +  Titanium  +  EX. 

307 

Phosphorized  copper  (see  copper,  phosphorized) 

Nickel  +  EXi 

309 

Phosphorous  (white) 

134 

Niobium 

125 

Plate  glass  (see  under  glasses) 

Niobium  alloys 

Platinum 

135 

Nb-5Mo-5V-lZr 

313 

Plexiglas  (same  as  polymethylmethacrylate) 

603 

Nb-27Ta-12W-0.  5Zr 

315 

Plutonium 

142 

Nb-10Ti-5Zr 

317 

Plutonium  carbide  (PuC) 

476 

Nb-15W-5Mo-lZr-0. 05C 

319 

Polyester 

596 

Nb-10W-5Zr 

319 

Polyethylene 

597 

Nb-10W-lZr-0. 1C 

319 

Polyethylene  terephthalene 

600 

Niobium  carbide  (NbC) 

474 

Polymers 

593 

Niobium  +  Molybdenum  +  EX( 

312 

Polymethacrylate 

601 

Niobium  +  Tantalum 

251 

Polymethylmethacrylate 

602 

Niobium  +  Tantalum  +  EXj 

314 

Polypropylene 

604 

Niobium  +  Titanium  +  EX( 

316 

Polystyrene 

605 

Niobium  +  Tungsten  +  EX. 

318 

Polytetrafluoroethylene 

608 

Nitrogen 

128 

Polytrlfluoroethylene 

611 

Nonferrous  binary  alloys 

223 

Polyurethane 

612 

Nonferrous  multiple  alloys 

269 

Polyvinyl  chloride 

613 

n-Octyl  alcohol 

590 

Potassium 

144 

Nonoxide  compounds 

455 

Potassium  +  Sodium 

254 

Material  Name 


Page 


Material  Name 


Page 


Potato 

643 

Samarium 

155 

Potato  starch 

644 

Scandium 

156 

Power  plant  ashes  +  Quartz  sand  +  Dolomite 

433 

Scorched  earth  +  Refractory  clay  +  Dolomite 

433 

Praseodymium 

147 

Selenium 

157 

Prune  juice 

640 

Silicon 

Pyrex  glass  7740  (same  as  Corning  Code 

Silicon  carbide  (SiC) 

477 

7740  glass) 

578 

Silicon  dioxide  (crystalline)  (Si02) 

396 

Pyroceram  Brand  glass-ceramics  (see  under 

glass-ceramics) 

Silicon  dioxide  (fused)  (Si02) 

399 

Pyrolytic  graphite  (see  under  graphites) 

Silicon  dioxide  +  Aluminum  oxide  +  LX) 

431 

Quartz 

397 

Silicon  dioxiue  +  Barium  oxide  +  LX. 

i 

435 

Radium 

148 

Silicon  dioxide  +  Boron  oxide 

436 

Reactor  grade  graphite  (see  under  graphites) 

Silicon  dioxide  +  Boron  oxide  +  LX; 

437 

Refractory  materials 

563 

Silicon  dioxide  +  Calcium  oxide  +  LX. 

438 

Resin 

614 

Silicon  dioxide  +  Lead  oxide  +  LX. 

439 

Rhenium 

149 

Silicon  dioxide  +  Magnesium  oxide 

Rhodium 

152 

Silicon  dioxide  +  Sodium  oxide  +  LX; 

Rubber 

616 

Silicone 

Ebonite 

617 

Silicone  rubber  (see  under  rubber) 

Silicone  rubber 

617 

Silver 

Rubidium 

153 

Silver  antimony  telluride  (AgSbTe2) 

Russian  alloy  0Kh20  N60B  (see  under  nickel  alloys) 

Silver  bromide  (AgBr) 

Russian  alloy  0Kh21  N78T  (see  under  nickel  alloys) 

SNAP  fuel 

541 

Russian  alloy  EI-435  (see  Russian  alloy 

Snow 

390 

0Kh21  N78T) 

Sodium 

167 

Russian  steel  El-855  (see  Russian  steel 

0Khl6  N36V  3T) 

Sodium  chloride  (NaCl) 

481 

Russian  steel  0Khl6  N36V  3T  (see  under 

Soli 

549 

stainless  steel) 

Spacemetal 

552 

Russian  steel  15  (see  under  carbon  steels) 

Russian  steel  35  (see  under  carbon  steels) 

Spectrographically  standardized  copper  (see 

copper,  spectrographically  standardized) 

Russian  steel  45  (see  under  carbon  steels) 

Spectrographically  standardized  nickel  (see 
nickel,  spectrographically  standardized) 

Ruthenium 

154 

Spinel 

417, 

RVD  graphite  (see  under  graphites) 

419, 

428 

SAE  1020  steel  (see  under  carbon  steels) 

Stainless  steels  (specific  types) 

SAE  4130  steel  (see  under  alloy  steels) 

AIS1  202 

339, 

SAE  4340  steel  (see  under  alloy  steels) 

340 

A8 


Material  Name 
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Page 

Stainless  steels  (specific  types)  (continued) 

Tantalum  +  Tungsten 

258 

AiSI  301 

345, 

T  antalum  +  Tungsten  +  LXj 

322 

348 

Teak 

646 

AISI  302 

345 

AISI  309 

T  echnetium 

178 

Teflon  (same  as  polytetrafluoroethylene) 

609 

AISI  316 

347, 

348 

Tektite,  synthetic  (see  under  glasses) 

AISI  321 

347 

T  ellurium 

181 

AISI  347 

348 

Terbium 

182 

AISI  410 

340 

TFE-fluorocarbon 

588 

AISI  416 

340, 

Thallium 

183 

341 

Thermal  black 

22, 

AISI  430 

341 

35 

AISI  446 

341, 

Thermax  "W”  graphite  (see  under  graphites) 

342 

Thorium 

184 

German  steel  X8CrNiMoNb  16  16 

350, 

364 

Thorium  dioxide  (ThOz) 

401 

Russian  steel  0Khl6  N36V  3T 

363 

Thulium 

187 

V2A-steel 

350 

Tin 

188 

Starch 

644 

Titahium 

194 

Strawberry 

645 

Titanium  alloys  (specific  types) 

Strontium 

170 

48-OT-3 

261 

Sucrose  solution 

591 

BT-5 

261 

Sulfur 

171 

Ti-6A1-4V 

326 

Supertemp  pyrolytic  graphite  (see  under  graphites) 

Titanium  +  Aluminum 

260 

SX-5  graphite  (see  under  graphites) 

Titanium  +  Aluminum  +  SXj 

325 

Systems 

551 

Titanium  carbide  (TiC) 

486 

Tantalum 

173 

Titanium  dlboride  (TiBj) 

484 

Tantalum  alloys  (specific  types) 

Titanium  nitride  (TIN) 

492 

T-Ul 

323 

Tomato 

647 

T-222 

323 

Transite 

568 

Ta-30Cb-7.5V 

321 

TS-699  graphite  (see  under  graphites) 

Ta-lOW 

259 

Tungsten 

198 

Ta-8W-2Hf 

323 

Tungsten  diboride  (WBj) 

495 

Tantalum  carbide  (TaC) 

483 

Tylose  gel 

648 

Tantalum  +  Niobium 

256 

U.  B,  carbon  "A" 

30 

35 

Tantalum  +  Niobium  +  SXj 

320 

Material  Name 

Page 

Material  Name 

Page 

U.  B.  carbon  "R" 

30  f 

Zirconium  diboride  +  Silicon  carbide 

536 

35 

Zirconium  diboride  +  Silicon  carbide  +  Carbon 

538 

U.  B.  carbon  "Z" 

30, 

36 

Zirconium  dioxide  (Zr02) 

409 

U.S.  graphite  "A”  (see  under  graphites) 

Zirconium  dioxide  +  Calcium  oxide 

450 

U.B.  graphite  "G"  (see  under  graphites) 

Zirconium  dioxide  +  Magnesium  oxide 

451 

U.B.  graphite  "R"  (see  under  graphites) 

Zirconium  dioxide  +  Yttrium  oxide 

454 

U.B.  graphite  "Z"  (see  under  graphites) 

Zirconium  +  Dysprosium 

262 

Uranium 

205 

Zirconium  hydride  +  Uranium 

540 

Uranium  carbide  (UC) 

496 

Zirconium  nitride  (ZrN) 

514 

Uranium  carbide  +  Plutonium  carbide 

532 

Zirconium  +  Tin 

264 

Uranium  dioxide  (U02) 

402 

Zirconium  +  Uranium 

267 

Uranium  dioxide  +  Plutonium  dioxide 

442 

Uranium  nitride  (UN) 

SOO 

Uranium  oxycarbide  (UOxCy) 

502 

Uranium  oxycarbide  +  Uranium  dioxide 

447 

Uranium  phosphide  (UP) 

505 

Uranium  sulfide  (US) 

507 

Vanadium 

209 

Water 

390 

"W"  graphite.  Specialties  Co.  (see  under 

graphites) 

Whiting 

414 

XAP  (Sintered  Aluminum  Powder) 

226 

Yellow  brass  (see  under  copper  alloys) 

Ytterbium 

212 

Yttrium 

213 

Yttrium  oxide  (Y2Oa) 

407 

Zinc 

216 

Zinc  oxide  (ZnO) 

408 

Zircaloy  2 

265 

Zirconium 

220 

Zirconium  +  Aluminum  +  LX( 

329 

Zirconium  carbide 

511 

Zirconium  diboride  (ZrB2) 

509 

Zirconium  diboride  +  Carbon 

534 

